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ABSTRACT
Owing to unique characteristics of nanoparticles such as high surface to volume ratio, it
is postulated that nanoparticle-modified polymers exhibit properties beyond those
predicted by effective media theories. In the case of dielectric nanoparticles in a polymer,
it is expected that dielectric properties of the nanocomposite are dominated by the
expansive interface rather than anticipated by the inherent properties of individual
components. An in-depth review of dielectric polymer nanocomposites shows conflicting
trends where addition of nano-sized particles resulted in increase or decrease in dielectric
properties. This contradictory behavior could mainly stem from 1- the state of dispersion
of nanoparticles and 2-The unique nature of interface based on the particle-polymer
system. The hypothesis of the proposed research is that the role of the interfacial region is
not only influenced by its expansive nature but is also governed by their interaction at
nanoscale regime. In order to achieve a high internal surface area, the first important
challenge to address is controlling the state of dispersion and disaggregation of
nanoparticles. Therefore the first goal of this research is studying the effectiveness of
different processing methods in achieving uniform nanoscale dispersion in dielectric
polymer nanocomposites. Silane functionalization of titania nanoparticles is investigated
as one possible solution of better dispersion of titania in PVDF polymer where two
coupling

agents

namely,

aminopropyltriethoxy

silane

called

as

APS,

and

Nonafluorohexyltriethoxysilane called as FHES, are studied. FHES is shown to be more
effective in reducing the average aggregate size of titania nanoparticles in PVDF matrix
to below 100nm, whereas the average aggregate size in untreated and APS-functionalized
TiO2/PVDF nanocomposite was approximately one to two orders of magnitude higher
than that. Dielectric permittivity of FHES-functionalized TiO2/PVDF nanocomposite,
showed

improvements

over

untreated

and

APS-functionalized

TiO2/PVDF

nanocomposite at weight fractions up to 10wt% (5vol%), as a result of higher interfacial
area and resulting polarization at interface. However, DC dielectric breakdown and
maximum achievable stored energy density did not show any dependence on average
aggregate size or the type of silane surface treatments; both DC dielectric breakdown and
maximum achievable stored energy density showed a similar decreasing trend as the
titania weight fraction increased for all three cases. Besides silane functionalization of
iii

titania, in-situ and ex-situ sol-gel synthesis of titania were also studied as another
effective method to achieve nanoscale dispersion in titania/PVDF nanocomposites. Insitu sol-gel technique resulted in uniform nanodispersion of titania in PVDF and 30%
higher dielectric permittivity at 1kHz compared to commercial titania/PVDF composite
with the same wt% of titania phase. However, high dielectric loss and lower DC
dielectric breakdown were also observed in the in-situ sample, due to ionic impurities and
trapped residues of the sol-gel process, which is a disadvantage of in-situ technique. On
the other hand, ex-situ technique showed uniform dispersion of titania aggregates in the
range of 100nm homogeneously dispersed in PVDF matrix. Dielectric permittivity and
DC dielectric breakdown both improved in case of ex-situ; leading to 20% improvement
in storage energy density of ex-situ titania/PVDF compared to pure PVDF sample;
therefore this processing technique is a promising one. As to the second goal of this
research, understanding the role of interfacial phenomena on final dielectric behavior of
polymer nanocomposites, other metal oxides, namely, alumina, silica and magnesia are
considered. In addition to varying contrast in dielectric permittivity with PVDF, these
metal oxide particles also bring dissimilar surface chemistries in terms of type and
concentration of physisorbed and chemisorbed water on their surfaces. Alumina
nanoparticles in particular showed relatively higher amount of physisorbed and
chemisorbed water on the surface; it also exhibited nanoscale dispersion in PVDF.
Dielectric permittivity of alumina/PVDF nanocomposites, despite similar dielectric
constant values for both phases, showed higher improvements compared to the other
particles. Dehydrated alumina/PVDF nanocomposites also showed similar increase in
dielectric permittivity. Therefore, a second important conclusion of this work is that
improvements in dielectric permittivity in alumina/PVDF is mostly a result of dipolar
interactions of chemisorbed water in form of hydroxyl group on the surface of alumina
and C-F dipoles in PVDF chain at the interface. The combination of nanoscale dispersion
in alumina/PVDF and dipolar interaction with PVDF verifies that interfacial phenomena
could be significant enough in nanocomposites to lead to improvements in final dielectric
permittivity of nanocomposite systems and a step forward to resolving the role of
interfacial phenomena in dielectric behavior of polymer nanocomposites based on type
and surface chemistry of nanoparticles.
iv
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Chapter 1 Introduction
1-1 Motivation
The ever-growing market of dielectric materials today demands higher performance and
more efficient dielectrics with increased functionality and lower cost [1-5]. Mobile
electronic devices, hybrid electric vehicles and medical implants are among highly in
demand technologies that require lightweight, compact and high energy density
capacitors [5-7].
Conventional monolithic materials including ceramics have reached a plateau in energy
storage capabilities and have not kept up with the improvement in electronic devices [5,
8]. For instance, ceramic dielectrics usually possess high dielectric permittivity but low
dielectric breakdown. On the other hand, polymers have low dielectric permittivity and
high dielectric breakdown. Advances in electronic industry necessitate the development
of high energy density capacitors in which the trade-off between dielectric permittivity
and dielectric breakdown is minimized. This elusive combination can potentially be
achieved through the use of polymer-based nanocomposites where high dielectric
permittivity nanoparticles are embedded in high dielectric breakdown polymer hosts. The
stored energy density of a capacitor (𝑈! ) is one of the important figures of merit used to
quantify capacitor’s performance given by equation (1-1) [9]:
𝑈! =

𝐸𝑑𝐷

(1-1)

Where D is the dielectric displacement and E is maximum applicable electric field. For
linear dielectrics equation (1-1) is simplified to equation (1-2) [6, 9]:
!

𝑈! = ! 𝜀𝜀! 𝐸 !

(1-2)

Where ε is dielectric permittivity, ε0 is the vacuum permittivity (8.854×10-12F/m). Based
on equation (1-2), there are two ways to improve capacitor’s energy density. First,
1

improving dielectric permittivity; second, improving the maximum applied electric field
that the dielectric can withstand, called dielectric breakdown or strength. The next section
focuses on to theoretical background in dielectric permittivity and dielectric breakdown
of materials since they are the two main components of stored energy density of dielectric
capacitors.

1-2 Background
1-2-1 Dielectric permittivity
A dielectric material is an insulator that can be polarized under the influence of an
external electric field via separation of contained charges within the material [10, 11].
Since these charges are bound within the material, they can only undergo limited
movements, known as charge redistribution under applied electric field.

Charge

redistribution happens either by positive and negative charges moving toward opposite
electrodes to form induced dipoles or rotation and orientation of permanent dipoles in the
direction of electric field. This phenomenon is called polarization of the dielectric
material. In a dielectric consisting of n molecules per cubic meter, the polarization P is
given by equation (1-3) [11].
𝑷 = 𝑛𝒑!" = 𝑛𝛼𝑬′

(1-3)

Where 𝐸′ is the local electric field in the vicinity of the dipole and α is called the
polarisability constant.
Dielectric materials are usually categorized into polar and apolar groups. Polar dielectrics
consist of molecules with permanent dipole moments in the absence of an electric field.
Apolar dielectrics do not possess permanent dipoles and only exhibit induced dipoles
created by one or more of polarization mechanisms that can occur when an electric field
is applied to the dielectric. Polarization mechanisms are classified as: electronic, atomic,
orientational (dipolar) and interfacial polarizations [11].
Electronic polarization (αe): Upon application of an electric field, the center charge of
the electron cloud displaces slightly relative to the positive nucleus. However since the
2

applied external electric field is usually much smaller than internal field of an atom, the
displacement is very small compared to the diameter of the atom. All materials
experience electronic polarization. It is responsible for refraction of light and in the
frequency regime it typically occurs in the range of 1015 Hz as the fastest polarization
mechanism ever known [11, 12]. Figure 1-1 illustrates the principle of electronic
polarization.

Figure 1-1-Schematic representation of electronic polarization in dielectric materials [11].

Atomic Polarization (αa): It is described as movements of ions with different sign in
different directions in a crystalline solid or distortion of the arrangement of atomic nuclei
in a polymer molecule. It happens in the 1013 Hz frequency range and is less significant
in commodity polymers than ceramic materials [11].
Orientational polarization (αo): application of an electric field to a dielectric with
permanent dipoles causes orientation and alignment of these dipoles. This polarization
mechanism is also called dipolar polarization and is shown in Figure 1-2. It is slower than
electronic and atomic polarization and it usually occurs in the 109 Hz frequency range
[11].

3

(a)

(b)

Figure 1-2- Schematic representation of orientational polarization of a dielectric containing permanent
dipoles. Each arrow represents a dipole from negative charge to positive charge; (a) random orientation of
dipoles at natural state (b) aligned dipoles at applied electric field

Interfacial polarization (αi): All the polarization mechanisms described above are locally
bound inside atoms and molecules. However, there are relatively free and unbound
charges beyond molecular level in the dielectric that can also transport within dielectric
and contribute to the total polarization of the material. These charge carriers become
usually trapped at internal interfaces causing macroscopic field distortion. Charge carriers
can be electronic such as electrons and holes in a semiconductor dielectric or extrinsic
ionic species in polymers and polyelectrolytes. Interfacial polarization contributes to the
total polarization of the system as an increase in the permittivity of the dielectric under
applied electric field. It is the slowest polarization mechanism among four main
mechanisms at it usually happens in the range of 105 to 10-2 Hz frequency range [11].
Assuming polarization mechanisms are independent of each other, the total polarizability
of the material is given by the addition of individual polarization mechanisms [11]:
αT= αe+ αa+ αo+ αi

(1-4)

Total polarization of the material is related to the dielectric permittivity (ε) of the material
by equation (1-5):

𝜀 =1+!

!

(1-5)

!!
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Where E is the applied electric field and P is the total polarization of the material.
Dielectric permittivity is the measure of the ability of the material to store electrical
energy by means of the combination of the polarization mechanisms. No material is an
ideal dielectric and some of the electric field applied to the material is dissipated and not
recovered. Hence the dielectric permittivity is presented as a complex parameter [11]:
𝜀 = 𝜀′ − 𝑖𝜀′′

(1-6)

where 𝜀′ and 𝜀′′ are the real and imaginary parts of the permittivity, respectively. The real
part, 𝜀′, is often called dielectric permittivity and represents the storage capacity of the
material and the imaginary part, 𝜀′′, is called dielectric loss; it denotes energy dissipated
by the material under an electric field. The ratio of 𝜀′′  to 𝜀′  is called loss factor and is
given by equation (1-7) [11, 12]:
tan 𝛿 =

!!!
!!

(1-7)

For an ideal dielectric 𝜀′′ is zero and hence loss factor is zero. For a non-zero 𝜀′′ energy is
dissipated by two mechanisms. It either arises from the intrinsic conductivity of the
material or comes from a relaxation mechanism. The total complex permittivity (𝜀) of the
material is a function of frequency and for materials with orientational polarizability can
be written as the addition of an intrinsic conductivity term and the relaxation term by the
Debye relations [11]:
! !!

!

!
!
𝜀 = 𝜀! 𝜀! + !!!"
−𝑖!
!!

(1-8)

where 𝜀! is the relative permittivity at sufficiently high frequency (above 1013 Hz) where
there is only contribution of electronic and atomic polarizations; 𝜀! is the relative
permittivity at zero frequency or static electric field; 𝜔 is angular frequency; 𝜎 is intrinsic

5

conductivity of the material and 𝜏 is the relaxation time associated with relaxation of
dipoles.
In most materials including polymers there is a distribution of relaxation times as
a result of dipoles with different characteristic time constants. Therefore the variation of
dielectric permittivity as a function of frequency manifests itself as a dispersion behavior
rather than a single relaxation behavior. There are sophisticated dielectric models
developed based on Debye model to consider contributions of dielectric dispersion
behavior such as Cole-Cole, Cole-Davidson and Havriliak-Negami. The overall picture of
dielectric permittivity of a dielectric solid can be represented as Figure 1-3 by taking into
account all relaxation mechanisms [11, 12]. It is noted that the Debye model does a good
representation of interfacial and orientational polarization mechanisms as shown in
Figure 1-3; however, a Lorentzian oscillator model is more appropriate for electronic and
atomic polarization.

Figure 1-3- Variation of dielectric permittivity (real part, 𝜀′) and dielectric loss (imaginary part, 𝜀′′) as a
function of frequency (Hz), including the four typical relaxation mechanisms in a dielectric [11].

The overall dielectric permittivity of the material as the addition of all of relaxation
mechanisms is usually presented as the dielectric permittivity at room temperature and a
specific frequency, such as 1kHz, or is called dielectric constant as the dielectric
permittivity of the material under static electric field. Dielectric permittivity of some of
the common ceramic and polymeric dielectrics is given in Table 1-1 [13]:
6
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Where, P is the cumulative probability as a function of E, electrical breakdown of the
sample. The parameter β is the shape factor and is analogous to the inverse of standard
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deviation of the normal distribution; in In other words, higher shape factor values
guarantee higher reliability of measurements. Finally Eb is called scale parameter and
accounts for electric field at failure or statistical electrical breakdown of the sample [14,
15]. There are different mechanisms for dielectric breakdown of a material. Intrinsic,
thermal and ionization mechanisms are thought to be the most common reasons of
breakdown [13]. The true dielectric strength of the material only depends on intrinsic
parameters such as material electronic structure e.g. band gap. However, it is very
difficult to separate dielectric breakdown due to intrinsic mechanism from extrinsic
mechanisms; Therefore, the overall dielectric breakdown of the material results from
combination of all involved mechanisms. Ceramic dielectrics, despite having high
dielectric permittivity, suffer from low dielectric breakdown, which limits their maximum
stored energy density. On the other hand polymer dielectric have high dielectric
breakdown but low dielectric permittivity. Table 1-2 lists dielectric breakdown of some
polymers as well as ceramics commonly used as dielectrics and insulators [5, 16, 17]:
Table 1-2- Dielectric breakdown strengths of some common dielectric materials [5, 16, 17].
Dielectric breakdown field

Material

(MV/m)

Polypropylene (PP)

640

Polyethylene terephthalate (PET)

570

Polycarbonate (PC)

528

Polyvinylidene fluoride (PVDF)

590

Polyethylene naphlate (PEN)

550

Polyphenyene sulfide (PPS)

550

TiO2 (anatase)

320

Alumina (alpha)

13.4

Fused silica

470-670

Zirconia

11.4

Polymer-based composites have the potential to combine high dielectric permittivity of
ceramic particles with lightweight, lower cost, easy processing and high dielectric
breakdown of the polymer host. This could lead to improvement in stored energy density
of the dielectric. In an effort to better understand the dielectric properties of polymer
8

based composites a theoretical background is given in the following section on dielectric
properties of heterogeneous systems is given in the next section.

1-2-3 Effective media approach and prediction of dielectric properties
Many models have been developed to predict the dielectric constant of heterogeneous
systems including polymer composites. The simplest models included two-phase
composites where the two phases are either in series where the effective dielectric
constant of the composite (𝜀!"" ) will follow the inverse of mixture law:
!
!!""

=

!!
!!

+

!!
!!

(1-10)

or the two phases are in parallel where the effective dielectric constant of the composite
will follow the mixture law:
𝜀!"" = 𝜙! 𝜀! + 𝜙! 𝜀!

(1-11)

In equations 𝜀! and 𝜀! are the dielectric constant of phase 1 and 2 and 𝜙! and 𝜙! are the
volume fraction of phase 1 and 2 respectively. Mixture law and the inverse of such just
represent the two extreme cases in dielectric behavior of composites systems, where the
series law is the upper bound and the parallel law is the lower bound. Maxwell derived a
more realistic equation assuming dilute mixture of spherical particles in a continuous
matrix based on mean field theory [13, 18]:

𝜀!"" = 𝜀!

!! !!!! !!(!!!! )(!! !!! )
!! !!!! !(!!!! )(!! !!! )

(1-12)

Figure 1-4 shows an example of the plot for dielectric constant ratio of the composite to
phase 1 obtained by Maxwell calculations compared to mixture laws [18].
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Figure 1-4- Maxwell’s equation, for M1 where phase 1 is continuous phase and M2 where phase 2 is
continuous phase with the ratio of dielectric constant of phase 2 to phase 1 being k2/k1=25; compared to
mixture’s law’s lower band, S as series limit and mixture’s law’s upper band, P as parallel limit from
reference [18].

Maxwell formula is relatively more valid in dilute concentrations of the second phase.
Another model developed based on mean field theory is Bruggeman model which could
handle higher weight fractions of the second phase where the system approaches
percolation of the second phase [13]:

𝜙!

!! !!!""
!! !!!!""

+ 𝜙!

!! !!!""
!! !!!!""

=0

(1-13)

Figure 1-5 compares dielectric constant of the composite predicted by different models
including Bruggeman model [13]:
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Figure 1-5- A comparison by reference [13] of Maxwell model, Bruggeman and mixture law’s upper band
as volume fraction average.

The models explained above besides other models based on continuum modeling and
affective media approach, are useful in predicting the dielectric permittivity of composite
structures down to micro-scale. However, by decreasing the scale of the system to nanoscale, these models are not able to take into account the contribution of nano-phenomena
such as surface and interface effects in effective dielectric permittivity of the
nanocomposite. Vo and Shi proposed a modified mixture law for nanocomposites where
interfase contribution, was included to the mixture law for predicting the effective
dielectric permittivity of the nanocomposite [19]:
𝜀!"" = 𝜙! 𝜀! + 𝜙! 𝜀! + 𝜙! 𝜀!

(1-14)

where 𝜀! and 𝜙! are dielectric permittivity and volume fraction of interface. In Vo-Shi
model, interface is accounted as an individual phase with a different dielectric constant
which can be lower or higher that the nanoparticle or polymer dielectric constant [19].
In the next section, a literature review is provided on experimental studies of dielectric
properties of polymer composite and nanocomposite systems. The current state of
11

research and progress in dielectric properties of polymer composites is highlighted and
the shortfalls and challenges are identified. Finally based on the provided literature
review and highlighted ongoing challenges, the scope of this research along with the
problem statement are presented at the end of this chapter.

1-3 Literature review
1-3-1 Nano vs. micro
Polymer based composites have the potential to combine high dielectric permittivity of
ceramic particles with lightweight, lower cost, easy processing and high dielectric
breakdown of the polymer host. This would potentially lead to improvement in stored
energy density of the dielectric. However, although conventional polymer composite
systems mostly lead to improvements in dielectric permittivity of the polymer host,
dielectric breakdown of the system usually decreases with addition of fillers. Thus the
overall stored energy density of the composite does not considerably improved. For
instance, addition of 5wt% TiO2 micro particles to LDPE polymer by Ma et al led to an
increase in the dielectric permittivity by almost 10% but this came at the cost of decrease
in dielectric breakdown by 28% [20, 21]. In Singha’s work dielectric breakdown of
epoxy dropped by 26% and 38% after adding TiO2 and Al2O3 micro-particles,
respectively [22]. The trade off between achieving higher dielectric permittivity and
losing dielectric strength when adding micron sized ceramic particles in polymers was
also reported by other researchers. A few examples of such behavior will be cited and
explained in this the following.
The promise of polymer nanocomposites to overcome this trade-off was first mentioned
in the late 1980s [6, 23] by several early works including the work of Fukushima and
Inagaki on mechanical properties of montmorillonite clay filled polymers [6, 24].
Following the early works, and except for a couple papers that focused on electrical
insulation [25] most of polymer nanocomposite research was focused on improvements
in mechanical and thermal properties of materials [26, 27]. Finally, it was the pioneering
theoretical paper by Lewis [28], which revived interest in polymer nanocomposite
dielectrics and inspired many excellent research in the field. Lewis proposed a promising
route for drastic improvement in dielectric nanocomposites by exploiting the role of
12

interface and its increasingly dominating behavior in heterogenous systems with
nanoscale fillers [15].
As Lewis argued, by decreasing the size of fillers from micrometer to nanometer, the
surface area of interaction between particles and matrix exponentially increases (Figure
1-6). Hence, by going to nanoscale, the proportion of the material at the interaction zone
becomes very significant in such a way that, in a small enough nanoscale regime, most of
the material is in fact consists of interaction zone. Therefore the nature of the polymer
will deviate from polymer bulk properties and be dominated by properties of the
interaction. Lewis then hypothesized that it is theoretically conceivable to achieve a
synergistic impact of the nanocomposite effective properties by a smart assembly of
particle and matrix based on physics and chemistry of each constituent. Lewis’s proposed
idea outlines an opportunity to design specific nanodielectric composites with effective
properties exceeding that of individual phases as the next generation materials for
electrical insulation, capacitors and smart materials [15, 28].

Specific surface area

t"

t"

t"
d"

Figure 1-6- Specific surface area (surface area to volume ratio of interface to total volume) as a function of
particle diameter. Considering spherical particles with thickness, d, and a hypothetical interfacial thickness,
t, by going to nanoscale and exponential increase in specific surface area, the interfacial area becomes
dominant phase, adopted from reference [15]

The term polymer nanocomposites was defined as a multiphase system with a
polymer phase as the continuous host filled with nanoparticles with the size of which was
at least below 100nm in one of the dimension. This was in contrast to conventional
microcomposites where particles were in the micron size and very high loading fractions
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of particle phase were needed to achieve a considerable change in dielectric properties.
However, Lewis proposed that by reducing the particle size and going to nanoscale, it is
possible to achieve the same improvement in dielectric properties, if not much higher,
due to significant increase in interfacial surface area between nanoparticles and the
polymer host. Lewis’s paper led to acceleration of research on polymer based
nanocomposites by different research groups around the world [15, 28]. A wide selection
of ceramic-oxide particles has been used such as: titanium dioxide (TiO2) [29-32],
aluminum oxide [22, 33, 34], silicon dioxide (SiO2) [34], zirconium dioxide (ZrO2) [33,
35], magnesium oxide (MgO) [36, 37], barium titanate (BaTiO3) [2, 38] as well as
different polymer matrices such as polyolefins, polyimides, fluoropolymers and epoxies
[13, 15, 25, 38-43]. Examples of these studies are provided in the following.
Nelson et al. investigated dielectric properties of epoxy matrix upon addition of
TiO2 particles. As expected, dielectric permittivity of epoxy improved by addition of
micro TiO2 particles. But it decreased in case of nano TiO2 particles. Figure 1-7 shows
the dielectric permittivity of TiO2/epoxy system based on Nelson study [44].
7

Electrical Properties

217

Figure 1-7- Nelson’s study on dielectric permittivity as a function of frequency for 10% w/w TiO2 nano as
well as micro particles in epoxy matrix [44].

Nelson et al. theorized that the reasons for the decrease was lower interfacial
polarization and inhibited dipole mobility at interface in nanoTiO2/epoxy systems. They
quantified the relative value of free volume in their system in case of pure epoxy as well
as micro and nano-filled composites and observed a decrease in free volume in case of
14
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nanosized particles. Singha’s results are shown in Figure 1-9 in terms of dielectric
permittivity with respect to frequency [22].
S. Singha and M. J. Thomas: Dielectric Properties of Epoxy Nanocomposites
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(a)

(b)

Figure 1-10- SEM images of nano BaTiO3 (average particle size: 30-60nm) in PVDF polymer at (a) 20
vol% and 40 vol% in Dang et al’s work [ref: ]

Figure 1-11 shows dielectric permittivity of BaTiO3/PVDF as a function of BaTiO3
volume fraction. The inset in Figure shows the experimental data mostly follows the
Maxwell-Garnett behavior. The reason for the good agreement between the model and
the experimental data could be attributed to the fact that the resulting composites are
behaving as micro-composites instead of nanocomposites and there is no significant
interfacial effect in micro-composite structures. The results of Dang et al bring the
important of nano dispersion in polymer nanocomposite systems. To be able to study the
effect of nanofiller addition on dielectric properties of nanocomposites and exploit the socalled nano-advantage in both the nano-scale geometry of these particles as well as
ultrahigh surface area, one should make sure that the resulting composite structure does
not fall into conventional microcomposite category and instead attain individual particle
size in nanoscale.
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Figure 1-11- Dielectric permittivity of BaTiO3/PVDF as a function of BaTiO3 volume fraction. The inset
shows the experimental data mostly follows the Maxwell-Garnett behavior [47].

Dou et al studied dielectric properties of BaTiO3/PVDF nanocomposites. Dielectric
breakdown was decreased in the case of their untreated BaTiO3 by 30% but an increase
up to 120% was observed in the case of their functionalized nanoparticles. Figure 1-12
shows Dou et al results for dielectric breakdown strength as a function of BT vol% [38].

Figure 1-12- Dou et al result for dielectric breakdown strength as a function of BT vol% for uncoated and
well as silane coated BT particles [38].
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Murata et al and Murakami et al both investigated DC dielectric breakdown of
MgO/LDPE nanoacomposites. They both reported on improvement of dielectric
breakdown after adding MgO to LDPE. Murakami’s DC dielectric breakdown results are
given in Figure 1-13 [36, 37].

Figure 1-13- DC dielectric breakdown of MgO/LDPE nanoacomposites as a function of MgO nanofiller
content in phr in Murakami’s work [36, 37].

Murakami et al also measured volume resistivity of their nanocomposites and found a
similar trend between increase in volume resistivity and dielectric breakdown. They
attributed higher DC breakdown of MgO/LDPE nanocomposites to charge trapping role
of MgO nanoparticles, which suppresses conduction and charge injection inside the
polymer matrix [36, 37].
Tuncer et al investigated dielectric breakdown of Polyvinyl alcohol (PVA) filled with
Barium Titanate. They observed 25% increase in breakdown after adding nanoparticle.
They attributed homogeneous dispersion of nanofillers to the higher breakdown strengths
of nanocomposite samples [13, 48].
Cao et al also achieved higher dielectric breakdown after addition of alumina and silica
nanopowders to Polyimide (PI). Their results are shown in Figure 1-14 for alumina/epoxy
nanocomposites in different alumina loading fractions. Cao explained lower electrical
conductivity of nanocomposites via charge trapping and confined ionic conduction
behavior at interphase as the underlying reason of higher DC dielectric breakdown of
nanocomposites [43].
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Figure 1-14- Weibull failure probability distribution for dielectric breakdown after addition of alumina and
silica nano-powders to Polyimide (PI) by Cao et al [43].

However, contradictory results have been reported elsewhere where decrease in
breakdown is observed with introduction of micro and nanoparticles. For instance,
Tuncer et al investigated dielectric breakdown of epoxy filled BaTiO3 micro and
nanocomposites. Their results are shown in Figure 1-15. The BaTiO3/Epoxy
nanocomposite showed similar behavior as the unfilled resin but the micro composite
showed lower dielectric breakdown but sharper slope which indicates higher shape factor
and more reliability for industrial applications [49].
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Figure 1-15- Weibull cumulative failure probability (%) of dielectric breakdown for Araldite epoxy (pure)
and filled with both BaTiO3 micro and nano particles by Tuncer et al [49].

In a study by Khalil DC dielectric breakdown of LDPE polymer decreased by 16% after
addition of 1wt% BaTiO3 to the polymer. Khalil explained this behavior as increase in
carrier mobility after addition of BaTiO3 to the matrix. Khalil also suggested that clusters
of BaTiO3 particles acted as field enhancing defect centers leading to decrease in DC
dielectric breakdown [50]. In Singha’s work, dielectric breakdown of epoxy filled
composites decreased by adding TiO2 and Al2O3 particles in both micro and nanosize.
Figure 1-16 shows the Weibull distribution of dielectric strength in TiO2-Epoxy (left)
and Al2O3-Epoxy (right) by Singha et al [22].
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Figure 1-16- Weibull failure probability distribution percent for dielectric breakdown strength in TiO2Epoxy (Left) and Al2O3-Epoxy (right) with nano as well as micro sizes of particles by Singha et al [22].

Singha used a multi-core model approach, similar to what originally proposed by Tanaka
[51], to explain decrease in dielectric behavior. In their approach every particle in the
polymer matrix is surrounded with different layers, namely an innermost layer that
polymer chains are bound to the surface of the particle and are completely immobile; and
a loosely bound layer consist of free volume, loose chain ends and chains with more
degree of freedom. The drop in dielectric breakdown was explained based on higher
electrical conductivity of the 2nd layer as it provided a conduction path for electrons as
well other conductive species and facilitated dielectric breakdown in lower electric fields
in composite samples [22].
As mentioned above, Tanaka et al. developed a multi-core model to describe dielectric
behavior of polymer-based nanocomposites based on the interfacial interactions of
polymer and the nanoparticles at the interface. Tanaka suggested that the interfacial
region between the particle and the polymer consist of three different layers: 1-A bonded
layer 2- A bound layer and 3- A Loose layer. The bonded layer consists of polymer
chains tightly bonded to the particle surface specially when particles are chemically
functionalized to interact and or bond with polymer chains. In the second layer, as the
bounded layer, polymer chains are strongly connected and entangled to the bonded layer,
the first layer. The thickness of second layer is suggested to be between 2 to 9 nm. And
finally in the loose layer is the transition to the polymer bulk where polymer chains are
less bounded and more behave as the bulk of the polymer. Chain mobility is usually
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higher in this layer due to higher free volume. Also the thickness of this layer extends 10s
of nanometers [13, 51]. Tanaka’s multi-core model is given in Figure 1-17 [51].

Figure 1-17- Tanaka’s multicore model in dielectric behavior of interphase [51].

Tanaka suggested this multi-core model as a useful model to explain chain mobility,
dipolar mobility and interaction and ionic distribution behavior at the interface, in order
to better explain dielectric behavior of nanocomposites. Tanaka also suggested that since
material at the interface becomes discontinuous and there is a transition between polymer
bulk to polymer chains in contact with the particle surface, polymer chain conformation
and mobility change and differ from the bulk. This behavior of polymer molecules is also
studied by several other researchers in particulate filled composites systems as well as
laminated polymer composite films and polymer free surfaces [1, 41] It can be argued
that polymer dipolar mobility and hence final effective dielectric properties will also be
influenced, based on change in polymer chain mobility where the polymer experiences
heterogeneity. Therefore, the alteration in polymer layers at interface could significantly
change in nanocomposites with small enough nanoparticle size where the interface
becomes a dominant portion of the total volume and hence could influence the final
dielectric properties.
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The dominating role of the interface in polymer nanocomposites not only can rise from
the physical and chemical structure of each individual phase and their interactions with
each other, but also from unique electrical properties of interphase as well [15]. TJ Lewis
proposed similar concept to that of electronic behavior of electrolytic colloidal systems
and argued that at the interface between particles and the matrix there could be a
multilayered charged media based on “reorganization” of a variety of different charged
species upon application of an electric field [28]. The dielectric characteristics of the
interface hence will be controlled by this set of charged layers. The charged species could
either arise from any mobile ions contained in the matrix such as ionic impurities or they
can result form polarization of heterogeneous dielectric media as a result of contrast in
dielectric permittivity or electrical conductivity values of different phases in the
composite [15]. It is further argued that the nature of the multilayer charged media at the
interface could be similar to the diffuse double layer theory in the electrolyte systems.
Figure 1-18 shows the hypothesis on construction of multilayered charged system. In
order to reach the charge equilibrium condition, mobile ions in the matrix may reorient
and attach to the surface of the particle to make the so-called immobile “Stern” layer. The
extent of charge reorientation will continue into the polymer matrix by the so-called
diffusive double layer where ions with the opposite charge as the particle surface charge
will be attracted toward the particle [15, 28].

Figure 1-18- (a) Diffuse double layer in a system of a charged particle under applied electric field in a
dielectric medium. (b) Schematic view of possible orientation of polymer chains around particle. The
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diffuse double layer starts from the surface of particle (A) and extends through the bulk of polymer matrix
(B) [15, 28].

Based on Lewis’ theory, Tanaka also proposed that owing to different triboelectric
charging of different solid surfaces, the surface of the dielectric particle tends to be either
positively or negatively charged depending on electron affinity and equalization of Fermi
level or electrochemical potential. Triboelectric property of materials is equivalent to
electrostatic behavior of materials upon contact where electrons are transferred from one
material to the other. A qualitative representation of triboelectric charging of different
materials is given in Table 1-3 by Tanaka et al [51].
Table 1-3- Triboelectric charging sign of different materials by Tanaka et al [51].

There is no comprehensive reference for quantitative values of triboelectric charging for
different materials. Specifically, there is very scarce data on triboelectric charging of
metal oxides and fluoropolymers. However, in case of polymer nanocomposite
dielectrics, Tanaka further suggested that based on nature, sign and magnitude of
triboelectric charging of the two materials in contact, a charge injection may occur from
the particle to the polymer or vice versa which in case may develop a charge distribution
layer similar to the Gouy-Chapman diffuse layer in ionic electrolytes.
Smith et al also developed a hypothesis based on Lewis’ theory to explain the dielectric
role of interface [52]. Smith suggested that due to the difference in Fermi levels between
25

the nanoparticles and the polymer host, a surface charge is established on the surface of
the particles. Then, in order to reach charge equilibrium at interface, a redistribution of
charge happens in the same fashion as diffuse double layer theory explain above in ionic
systems. This redistribution of charges at interface embodies the interphase as the region
of concentrated charge-counter charge pairs, which can actively participate in the
effective dielectric behavior of the structure [13, 52].
1-3-2 Dispersion
Studying the effect of a dominating interface is not achieved without any challenges;
ceramic materials usually possess high surface tension values. On the other hand
polymers and their organic solvents hold on relatively low surface tension values. As a
result of high interfacial tension between the nanoparticles and the polymer matrix
nanoparticles tend to aggregate in polymer matrices and make it rather difficult to attain a
“nano” dispersion [53]. As a result of aggregation and non-uniform dispersion, the socalled nanocomposites not only suffer from poor electrical performance but also behave
like microcomposites with micron-sized aggregates. Therefore the full potential of the
nanoscale approach, as of today, has been limited to few papers where novel physical
properties are introduced due to the dominance of an interfacial phase in the boundaries
of the particles and the matrix [28, 44, 54, 55], the so-called “interphase”, with unique
characteristics compared to both particles and matrix.
The higher the difference between surface tension values of the materials to be mixed, the
lower the compatibility and miscibility between the two. This becomes particularly a
critical challenge in dispersing high surface area nanoparticles in polymer matrices where
nanoparticles tend to aggregate and coagulate with each other to decrease high interfacial
tension with the polymer matrix, hence making it difficult to achieve a nanodispersed
system. Therefore addressing the challenge of dispersion comes as the first essential step
in order to achieve a nano-dispersed polymer composite systems.
There have been several attempts in the polymer dielectric community to address the
dispersion challenge. In addition to high shear mechanical mixing [52] chemical
modification and functionalization of particles [2, 21, 46, 56], other methods include insitu polymerization where particles are dispersed in the monomer of the polymer and then
monomers undergo polymerization in the presence of particles [57-59], grafting
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nanoparticles to the polymer backbone using orgnometalic oligomers [60] or
polymerization of monomer on particle surface [61-63] and finally in-situ synthesis of
nanoparticles in polymer solution [3, 49, 64].
Li et al surface functionalized rod shaped TiO2 nanoparticles with an aspect ratio of 3.5
and using surface functionalization achieved uniform dispersion in PVDF terpolymer.
Figure 1-19 shows the cross-sectional FE-SEM image of the TiO2/PVDF copolymer
nanocomposite prepared by Li et al [31].

Figure 1-19- Cross-sectional FE-SEM image of the TiO2/PVDF copolymer nanocomposite prepared by Li
et al [31].

Their dielectric permittivity result is given in Figure 1-20 as a function of temperature at
1kHz. Dielectric permittivity of 10 vol% TiO2 in PVDF terpolymer was improved in
Wang et al study in most of the temperature span under measurements. For instance,
dielectric permittivity improved by 11% at room temperature. Li et al also reported on
45% improvements on stored electrical energy density of 10 vol% TiO2/PVDF
terpolymer nanocomposites at 200 MV/m. The stored energy density of 10 vol% was the
highest among all volume percent span measured by Li et al [31]. Barber et al noted that
perhaps the existence of such sweet spot in energy density of Wang et al work as well as
other works by other researchers [13, 21, 65] is the maximum interfacial area that can be
achieved for a given particles size. This maximum interfacial surface area for TiO2
nanoparticle in the work by Wang et al could be achieved at 10vol%. At this specific
volume fraction the ratio of interfacial area to the total are of bulk phases passes a
maximum. Hence, if dielectric response in terms of dielectric permittivity and breakdown
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is influenced by interfacial area, it can manifest itself as an alteration in dielectric
behavior as a function of vol%.

Figure 1-20- Dielectric permittivity for 10vol% TiO2 in PVDF terpolymer as a function of temperature at
1kHz by Li et al [31].

BaTiO3/Polyimide nanocomposites were synthesized by Xie et al using an in-situ
polymerization of poly(amic acid) at the presence of BaTiO3 particles. The SEM images
of their nanocomposites are given in Figure 1-21[66]. Even though the SEM images show
uniform dispersion of nanoparticles, it is hard to certainly comment on individual particle
sizes in the nanocomposites.
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Figure 1-21- Surface SEM images of BaTiO3/Polyimide composites by Xie et al using an in-situ
polymerization of poly(amic acid) at the presence of BaTiO3 particles. (a) 20 vol% (b) 33 vol% (c) 50
vol% and (d) the fractured section SEM of 20 vol% BaTiO3 [66].

The dielectric permittivity and loss of nanocomposites both increased by going to higher
particle vol%. Xie et al reported on nine times increase in dielectric permittivity and three
times increase in dielectric loss for 50vol% nanocomposite compared to pure polyimide.
They attributed significant improvements in dielectric permittivity well beyond what
mixing laws predicted to the interfacial polarization and nano enhancement effect [66].
In order to reach to a better dispersion of nanoparticles and polymer matrices, the surface
of the particles can be chemically modified using a variety of techniques [21, 56, 67-69].
For instance, Dang et al, surface functionalized BaTiO3 nanoparticles using
aminopropyltriethoxy silane (KH550). The fractured cross-section of their films without
and functionalized with different concentration of KH550 is given in Figure 1-22 [40].
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Figure 1-22- Dispersion behavior of fractured surfaces of 40 vol% BaTiO3/PVDF composites with
different concentrations of silane (C-0) 0 wt% (C-2) 1 wt% (C-4) 2 wt% and (C-6) 5 wt%, respectively
[40].

They reported on 20% improvement in dielectric permittivity and no change in dielectric
loss at 1 to 100 kHz frequencies. They attributed improvements in dielectric permittivity
of silane treated nanocomposites to the dipolar interaction of amine group of coupling
agent with fluorine atoms of the PVDF matrix.
Li et al successfully surface modified BaTiO3 using ethylene diamine and then imbedded
surface modified BaTiO3 nanoparticle in P(VDF-CTFE) copolymer as well as P(VDFTrFe-CTFE) terpolymer. Figure 1-23 shows the TEM image of 5 vol% BaTiO3/P(VDFCTFE) and cross-sectional FE-SEM of 23 vol% BaTiO3/ P(VDF-TrFe-CTFE) by Li et al
[70]. As Figure 1-23 shows nanoparticles are uniformly dispersed in the polymer matrix
with the average particle size of around 60nm [70].
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Figure 1-23- TEM image of 5 vol% BaTiO3/P(VDF-CTFE) and cross-sectional FE-SEM of 23 vol%
BaTiO3/ P(VDF-TrFe-CTFE) by Li et al [70].

Figure 1-24 compares dielectric permittivity and loss tangent at 1 kHz for
BaTiO3/P(VDF-CTFE) and BaTiO3/ P(VDF-TrFe-CTFE) nanocomposites as a function
of vol% of BatTiO3 with the prediction of Lichtenecker logarithmic mixture law by Li et
al. As it can be seen in the Figure 1-24, the improvement in dielectric permittivity is in
quite good agreement with the model. On the other hand, Li et al were able to keep the
loss tangent of their nanocomposites in a reasonable low amount. They believed the
homogenous dispersion of nanoparticles as the reason of low loss behavior by arguing
that uniform dispersion of nanoparticles keeps particles apart from each other and hence
increases charge trapping, as opposed to an aggregated system in which a conduction
path is established between nanoparticles with higher dielectric loss [70].

Figure 1-24- Dielectric permittivity and loss tangent at 1 kHz for BaTiO3/P(VDF-CTFE) (square) and
BaTiO3/ P(VDF-TrFe-CTFE) (star) nanocomposites as a function of vol% of BatTiO3 with the prediction
of Lichtenecker logarithmic mixture law by Li et al. Open squares and circles are the calculated effective
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permittivity from the Lichtenecker law for BaTiO3/P(VDF-CTFE) and BaTiO3/ P(VDF-TrFe-CTFE),
respectively [70].

Choi et al studied the effect of dispersion of BaTiO3 in polyimide on dielectric properties
of obtained composites by functionalization via two different coupling agents. INAAT
(isopropyl tris(N-amino-ethyl aminoethyl)titaniate, known as KR44) and APTS (3amino-propyl-triethoxysilane) were used as coupling agents. Figure 1-25 shows the
dispersion behavior of BaTiO3/Polyimide by Choi et al [71].

Figure 1-25- SEM images of Effect of BaTiO3/polyimide composites (a) 10% BaTiO3(APTS-modified)
(b) 10% BaTiO3(INAAT-modified) (c) 30% BaTiO3(APTS-modified) (d) 30% BaTiO3(INAAT-modified)
(e) 50% BaTiO3(APTS-modified) (f) 50% BaTiO3(INAAT-modified) [71].

The dispersion of BaTiO3 nanoparticles functionalized by INAAT coupling agent was
clearly more uniform with lower average aggregate size at 10vol%. However by going to
30vol% and 50vol% because of high vol% of particles the difference in dispersion
between different coupling agents disappeared. Figure 1-26 shows the comparison
between the dielectric permittivity of INAAT functionalized versus APTS functionalized
BaTiO3 in polyimide. INAAT-treated BaTiO3/Polyimide showed superior dielectric
constant in all Vol% studied by Choi et al. They attributed better dielectric behavior of
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INAAT-treated BaTiO3/Polyimide to enhanced dispersion and higher interfacial
polarization in this case [71].

Figure 1-26- Dielectric constant and loss tangent as a function of BaTiO3 vol% in Polyimide [71].

1-3-3 Sol-gel processing of nanocomposites
Controlled sol-gel synthesis of inorganic nanoparticles has been proposed in the literature
as an effective way to overcome aggregation and achieve uniform dispersion of
nanoparticles in polymer matrices. The advantage of sol-gel technique is the possibility
of introducing the polymer phase at the time of sol-gel reaction [15]; presence of polymer
chains in the sol-gel system provides steric hindrance to prevent nanoparticle coagulation
after particle formation and keeps nanoparticles apart from each other. Wang et al
synthesized TiO2 nanoparticles in polystyrene solution using sol-gel process [72].
Titanium butoxide, TiBuO4 as TiO2 precursor, was hydrolyzed using deionized water
then following spontaneous polycondensation reaction, it resulted in production of TiO2
nanoparticles. The size of the TiO2 nanoparticles was controlled by using acetylacetone,
acacH as the chelating agent, to slow down the polycondensation reaction and also
maintain the pH of the solution in a strongly acidic range [72]. Strong acidic or basic
environment is necessary to avoid coagulation of nanoparticles by formation of similar
surface charges and hence resulting in repulsive forces between individual particles.
Figure 1-27 shows the TEM image of TiO2/PS nanocomposite by Wang et al. As it is
seen in the Figure 1-27, using in-situ sol-gel processing of TiO2 nanoparticles, Wang et
al was able to achieve nanoscale uniform dispersion of TiO2 nanoparticles in polystyrene
matrix [72].
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Figure 1-27- TEM image of in-situ sol-gel TiO2/PS nanocomposite by Wang et al [72].

Sol-gel method also shows generalization to other metal-oxide particles and a wider
range of polymers. Yogo et al. has used in-situ sol-gel synthesis to disperse various types
of nano-sized particles such as iron oxide, BaTiO3, PbTiO3 and KNbO3, in polymer
matrices [64, 73, 74]. Due to advantages in achieving a uniform dispersion of
nanoparticles in nanoscale, sol-gel processing is also implemented in fabrication of
polymer based nanocomposites for dielectric applications. Tuncer et al fabricated in-situ
TiO2 nanoparticles in polyvinyl alcohol (PVOH) and achieved uniform nano dispersion
of TiO2 nanoparticles in the PVOH. The dielectric breakdown of nanocomposites
measured in liquid nitrogen was significantly higher than pure PVOH sample [48].
Li et al used in-situ sol-gel synthesis of TiO2 in polyarylene ether nitriles and studied
dielectric properties [75]. Dielectric permittivity and loss factor both linearly increased by
going to higher weight fractions of sol-gel TiO2 particles. Li et al attributed higher
dielectric loss of nanocomposites to both presence of impurities left from sol-gel process
and also inherent dielectric loss of TiO2 particles [75].
Application of sol-gel synthesis of inorganic nanoparticles has not only been limited to
in-situ formation of nanoparticles in the presence of polymer solution. However the
presence of residues and byproducts trapped in the polymer by in-situ processing could
be problematic by bringing high dielectric loss to the system. Therefore, ex-situ synthesis
of nanoparticles and subsequent embedding in polymer solution has also been reported in
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the literature. Kobayashi et al, synthesized BaTiO3 in an ex-situ process and then the
dispersion medium was substituted by polymer solvent, by a centrifuge sedimentation
and solvent replacement process, for a subsequent nanocomposite fabrication process
[76]. By comparing literature results for ex-situ process and in-situ process, even though
ex-situ process is not as effective as in-situ process in achieving nanoscale dispersion, it
is still an effective method for uniform dispersion of nanoparticles in polymer matrices.

1-4 Scope and problem statement
As described by the literature review provided in this chapter, dielectric polymer
nanocomposites appear as promising candidates for higher improvements in stored
energy density through a synergistic coupling of high dielectric permittivity from ceramic
oxide nanoparticles and high dielectric breakdown from polymer matrices [67]. Further
improvements in stored energy density, via enhancements in dielectric permittivity and
dielectric breakdown and controlling low dielectric loss, will lead to novel class of
polymer nanodielectrics with superior properties and functionalities for applications such
as energy storage in mobile electronics, hybrid cars, medical implants, aerospace, defense
and sporting goods. Literature data shows that most of the state of the art dielectric
capacitors based on polymer nanocomposites fall into the stored energy density of
between 2-5 J/cm3 [13, 77]. In order to keep up with the fast pace of advancement in
electronic industry, the stored energy density of dielectric capacitors needs to go well
beyond 10 J/cm3 in the next few years which requires further research to improve their
existing performance [67]. An in-depth review of the polymer nanodielectrics, shows
conflicting trends where addition of nanosized particles reduce the effective dielectric
permittivity of nanocomposites due to internal charge mitigation [44, 46], restriction in
polymer dipole mobility [22, 49, 56] or increase in free volume [45], whereas other
studies show either no change [20] or an increase in dielectric permittivity as a function
of nanoparticle content [47]. Table 1-4 also summarizes the trend of increase or decrease
in dielectric permittivity for dielectric polymer nanocomposite by several researchers.

35

Table 1-4 A summary of the observed trend of increase or decrease in dielectric permittivity for dielectric
polymer nanocomposite by several researchers.

Polymer Matrix
Epoxy
XLPE
Epoxy
Epoxy
P(VDF- CTFE)
P(VDF-TrFE- CTFE)
PVDF
Polyimide
Polyimide

Particle and Size

Dielectric Permittivity (Room Temp.)
Increase

Decrease

TiO2

20%

(23 nm)

(@ 1kHz, 10 wt%)

SiO2

16%

(~10nm)

(@ 1kHz, 5 wt%)

TiO2

16%

5%

(50 nm)

(@ 1kHz, 5 wt%)

(@ 1kHz, 0.1 wt%)

ZnO

2%

4%

(45-70 nm)

(@ 1kHz, 5 wt%)

(@ 1kHz, 0.5 wt%,)

TiO2

20%

(20 -70 nm)

(@ 1kHz, 10 Vol%)
4%

(20 -70 nm)

(@ 1kHz,10 Vol%)
25%

(60 nm)

(@ 1kHz, 10 vol%)

Fumed Silica

60%

(~20 nm)

(@ 100kHz, 10 vol%)

Alumina

85%

(~20 nm)

(@ 1kHz, 10 vol%)

[44]
[46]
[22]
[22]
[31]

TiO2
BaTiO3

Reference

[31]
[78]
[34]
[34]

Similar contradictory results are found for dielectric breakdown [1, 21, 79],
indicating that mechanisms for dielectric behavior of nanodielectrics are not yet
elucidated and there is need for further investigations. In most of aforementioned studies,
the interface of nanoparticles and polymer matrix is identified as the game changing
parameter in final dielectric properties of the nanocomposite. Therefore understanding
the role of interface is the key to shed light on final dielectric properties of the system.
The most important challenge in understanding the role of interface in polymer
nanodielectrics is reaching a uniform and nanoscale dispersion of nanoparticle in polymer
matrix. Controlling the state of dispersion and disaggregation of nanoparticles is a
preliminary important step in order to achieve ‘genuine’ nanocomposites, where the
interface area to volume ratio, the so-called nano-advantage, is signified and the effect of
interface becomes meaningful. Therefore the first of goal of this research is focusing and
studying the effectiveness of different processing methods in achieving uniform
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nanoscale dispersion in dielectric polymer nanocomposites. The effectiveness and
influence of functionalization on dispersion and dielectric properties is investigated in
this research, where silane functionalization of the surface of nanoparticles is studied as
one way to achieve nanoscale dispersion. In situ and ex-situ sol-gel processing of
nanoparticles are also proposed to achieve nanoscale particles dispersed in the polymer
and hence provide a suitable experimental framework to investigate the effect of
dispersion and interfacial effects on dielectric properties.
Toward understanding the role of interface in dielectric polymer nanocomposites, the
second goal of this research focuses on investigating the role of interfacial phenomena
based on the difference in surface chemistry of different types of metal-oxides. The
higher dielectric permittivity of most metal-oxides versus the polymer matrix can easily
overshadow the effect of interfacial phenomena in dielectric behavior of resulting
nanocomposites. Therefore, different types of metal-oxide nanoparticles with dielectric
permittivity values below or the same as the polymer matrix are added to the study. The
selection of different nanoparticle types not only brings the so-called effect of “dielectric
contrast” between the nanoparticle and the polymer matrix to the study, but also provides
a selection of nanoparticle phases with inherently different surface chemistries and
delivers a methodical framework to investigate the effect of different surface
characteristics of nanoparticles on the contribution of interface to the final dielectric
properties. In other words, one of the intentions of this research is to investigate whether
or not the interfacial phenomena in truly nanodispersed dielectric polymer
nanocomposites can be strong enough to contribute to the final dielectric permittivity in
the absence of a high dielectric permittivity particle. The result of this research will
eventually be helpful in understanding what surface characteristics in the nanoparticle
phase are important to reach to a better dispersion and achieve improved dielectric
properties.
In order to realize

the aforementioned goals, chapter 2 is focused on selection of

appropriate material systems, elaborating proper processing and fabrication methods and
describing relevant material characterization techniques. Polyvinyledene fluoride (PVDF)
as the main polymer host in this study due to high dielectric and piezoelectric properties
and a promising candidate for applications such as high energy storage capacitors and
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piezoelectric devices. A wide selection of metal-oxide nanoparticles namely: Silica,
Titania, Alumina and magnesia in spherical shape and the same range of particle size (1020nm) are chosen based on their wide range of physical, electrical and chemical diversity
in their properties. Characterization techniques including microscopy, thermal,
mechanical, dielectric, electrical etc are explained in detail in the last section of chapter 2
by an overview of the principles of the corresponding technique followed by the sample
preparation and the measurement method.
The challenge of dispersion is addressed in chapter 3 by investigating effects of
chemical functionalization of the surface of metal oxide nano particles as well as in-situ
and ex-situ sol-gel synthesis of nanoparticles. The first part of chapter 3 is devoted to
chemical functionalization of TiO2 nanopowders using different silane coupling agents.
A methodology for choosing appropriate silane coupling agents is introduced and then
validation of the hypothesis for choosing the right coupling agent is investigated through
fabrication of untreated TiO2/PVDF nanocomposites as well as silane functionalized
TiO2/PVDF nanocomposites. The dispersion, morphology and dielectric properties of all
nanocomposites are investigated through different characterization techniques. The
second part of chapter 3 focuses on experimentation and dispersion study of TiO2 nanopowder in PVDF polymer via in-situ and ex-situ sol-gel synthesis of TiO2 nanoparticles.
In the in-situ technique, TiO2 nanoparticles are synthesized in-situ in PVDF base solution
via a sol-gel poly-condensation route. In the ex-situ technique, TiO2 nano-powders first
synthesized via sol-gel technique in aqueous solution, then transferred to the PVDF
solution. Finally, dispersion, morphology and dielectric properties of all fabricated
nanocomposites is investigated as the final part of chapter 3.
Chapter 4 describes for the effect of different nanoparticle type on dielectric
properties of PVDF based dielectric nanocomposites. Different ceramic oxide particles,
including silica, alumina, titania and magnesia are chosen based on their difference in
dielectric contrast with PVDF matrix as well as differences in physical and chemical
structure of their surfaces. The aim of chapter 4 is elucidating the role of important
parameters brought by difference in the surface chemistry of the nanoparticles to the
effective dielectric properties of the resulting nanocomposites. The different types of
metal oxides are studied via a variety of different characterization techniques, including
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thermal, surface and colloidal analysis in aqueous and organic states in order to bring a
complete picture of nanoparticle surface chemistry to the study. Nanocomposites are
fabricated based on these particle types and then dispersion, morphology and dielectric
properties are compared as well as correlated with surface properties obtained for each
type of nanoparticle. In chapter 5 the findings of this research are summarized. The
contribution of this study to the field is explained and ongoing challenges are discussed.
Finally, suggestions for future work are presented.
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Chapter 2 Experimental Methodologies
2-1 Materials
Polyvinylidene fluoride, PVDF, is chosen as the main polymer matrix because it has a
high dielectric constant among polymers owing to its high dipolar mobility. In addition
PVDF is both piezoelectric and ferroelectric which can be used in various applications
[80]. The presence of highly electronegative fluorine atoms in PVDF polymer chains as
well as spontaneous alignment of the C-F dipoles give rise to high dipolar polarization
and dielectric permittivity in PVDF [80, 81]. PVDF Kynar 301 is purchased from
Arkema Inc. The average molecular weight (Mw) was obtained by private
communication with the manufacturer as approximately 600 Kg/mol.
Different metallic oxide particles including: titania, silica, alumina and magnesia are
chosen because they can provide a diverse nanoparticle type in terms crystalline phase,
dielectric constant, surface chemistry and possibly surface charge. All nanoparticles were
purchased from Nanostructured & Amorphous Materials, Inc© (Houston, TX). Table 1
lists a few important physical properties for metallic oxide particles under study based on
manufacturer technical data.
Table 2-1- physical properties for metallic oxide particles under study based on manufacturer technical data
Particle Type
Silica
Alumina
(SiO2)
(Al2O3)
amorphous
γ-phase
sphere
sphere
3.8
9.8
2.2
3.95
15
10
640
-

Properties

Titania
(TiO2)
Crystallinity
anatase
Shape
sphere
Dielectric Constant
50-80
Density ρ (g/cm3)
3.9
*APS (nm)
15
**SSA (m2/g)
240
*APS: Average Particle size (diameter)
**SSA: Specific Surface Area

Magnesia
(MgO)
cubic
sphere
9.5
3.58
20
50

Dimethylacetamide, DMAc, was used as the PVDF solvent. Dimethylacetamide, DMAc,
(99% pure) was purchased from Sigma Aldrich Inc© (St. Louis, MO). Titanium
Butoxide, TiBuO4, was used as chemical precursor for sol-gel synthesis of TiO2
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particles. Titanium butoxide (TiBuO4), 99.9% purity, HNO3, 70% concentrated and
Acetyleacetone were all purchased from Sigma Aldrich. HCL was purchased as 1N
standard solution of HCL in water from Acros Organics. NaOH was purchased as 0.999
mol/L sodium hydroxide standard solution from Fluka.
Nonafluorohexyltriethoxysilane (FHES) and g-aminopropyltriethoxysilane (APS), were
used as silane coupling agents for chemical functionalization of nanoparticles. Silane
coupling agents were purchased from Gelest, Inc. Figure 2-1 shows chemical structure of
the coupling agents.

Figure 2-1- Chemical structure of APS (Left) and FHES (Right) silane coupling agents

FHES silane coupling agent was chosen based on the similarity of the fluorinated
hydrocarbon chain of FHES and PVDF polymer. It is hypothesized that after
functionalization of TiO2 surface with FHES molecules, the fluorinated hydrocarbon tail
in FHES comes in dipolar interactions with PVDF chains and increases the compatibility
of the TiO2 surface with PVDF matrix.
APS coupling agent was chosen based on the hypothesis on decreasing the interfacial
tension between TiO2 particles and PVDF matrix by choosing a coupling agent with
similar surface tension values as PVDF polymer. The surface tension of PVDF is 33.2
Dynes/cm [82]. Table lists some common silane coupling agents with their corresponding
surface tension value. APS has surface tension value of 35 Dynes/cm that is very close to
that number for PVDF [83].
Table 2-2- List of some silane coupling agents with their corresponding surface tension values [83].
Silane
Coupling Agents

Surface
tension,
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Silane
Coupling Agents

Surface
tension,

γ (dynes/cm)

γ (dynes/cm)

(CF3)2CFO(CH2)Si(OCH3)3

14

H2N(CH2)3Si(OC2H5)3

35

CF3(CF2)(CH2O)(CH)3Si(OC2H5)3

14

BrCH2C6H4Si(OCH3)3

39.5

CH3Si(OCH3)

22.5

OCH2CHCH2O(CH2)3Si(OCH3)3

38.5-42.5

C2H5Si(OC2H5)3

26-33

C6H5Si(OCH3)3

40

CH2=CHSi(OC2H5)3

30

Cl(CH2)3Si(OCH3)3

40.5

CH2=CHSi(OCH3)3

25

HS(CH2)3Si(OCH)3

41

CH2=C(CH3)COO(CH2)3Si(OCH3)3

28

p-ClC6H4CH2CH2Si(OCH3)3

40-45

2-2 Synthesis and processing
2-2-1 Fabrication of untreated polymer nanocomposites
In the first step, nanoparticles were dispersed in DMAc for 4 hrs in a round bottom Pyrex
flask using simultaneous stirring, with a mechanical stirrer at 400 RPM, and
ultrasonication, with a fisher scientific bath sonicator at 40 kHz. In a separate beaker,
20wt% of PVDF powder was added to DMAc to make 20% weight fraction of
PVDF/DMAc at 60°C and stirred via magnetic stirrer on a hot plate for 3 hrs. In the next
step, the nanoparticle colloid in DMAc was added to PVDF solution in beaker under
simultaneous stirring for 1.5 hrs. The content of materials was varied in order to make
nanocomposites with different weight fractions. Table 2-3 shows weight of each
component based on final wt% of nanoparticles.
Table 2-3- Weight of each component in the PVDF based composites based on final wt% of nanoparticles

Nanoparticle weight (gr)
PVDF weight (gr)
DMAc (gr)

5
0.4
7.6
30.4

Nanoparticle wt%
10
0.8
7.2
28.8

20
1.6
6.4
25.6

In the next step, the nanocomposite solution was degassed at room temperature for half
an hour in a vacuum oven in order to make sure air bubbles are completely removed from
the solution. Then the nanocomposite solution was poured on a glass plate and
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subsequently cast using a doctor blade with the adjusted thickness of 40micron. In the
final step, the cast solution on the plate was placed into a vacuum oven equipped with a
solvent removal system at 170°C for 4 hrs.
2-2-2 Functionalization of TiO2 nanoparticles
1wt% of TiO2 nanoparticles was dispersed in the solution of DI water/DMAc with w/w
ratio of 1/9, respectively. The suspension was subjected to simultaneous mechanical
stirring at 400 RPM and ultra-sonication in a temperature controlled bath sonicator at
70°C and 40 kHz for 1hr. In the next step, silane coupling agent was added to the
solution. The amount of silane coupling agent was varied as 0.5, 0.75, 1 and 1.5 as the
ratio of the weight of silane coupling agent to the weight of TiO2 nanoparticle. The
solution left under same stirring condition for 3 more hours. Figure 2-2 shows the
functionalization reaction of TiO2 surface with APS coupling agent [56].
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Figure 2-2- Schematic of silane functionalization reaction of APS on the surface TiO2 nanoparticles in
presence of water [56].

After this step, the suspension of functionalized particles in DI/DMAc solution was
centrifuged at 14000 RPM for 30 min to force the nanoparticles to precipitate by aids of
an ultracentrifuge. The liquid supernatant was then removed and fresh pure DMAc was
added. Then the precipitated nanoparticles with fresh pure DMAc in the centrifuge vials
were subjected to bath sonication for 10 min to re-disperse nanoparticles in fresh DMAc.
This process of rinsing and washing the functionalized nanoparticles with fresh DMAc
was repeated three times in order to make sure all residues of water, unreacted silane and
other chemical species such as byproducts of silane functionalization reaction are washed
away from the surface of the particles.
Functionalized TiO2 nanoparticles were either dried at 120°C for 12hrs for
characterization of the particle surface or kept in colloidal DMAc for processing of
nanocomposite samples.
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2-2-3 In-situ synthesis of TiO2 nanoparticles in PVDF solution
The amounts of chemicals used in the sol-gel reaction are described in Table 2-4.
Titanium butoxide (TiBuO4), was chosen as TiO2 precursor and was added along with
deionized water to PVDF solution. Deionized water hydrolyzes TiBuO4 alkoxide end
groups and results in titanium hydroxide groups. Subsequently, hydroxide groups
undergo polycondensation reaction and finally form titanium oxide (Ti-O-Ti) bonds [72,
84]. Figure 2-3 contains the scheme of TiO2 poly-condensation reaction in presence of
water.
Table 2-4- List and amount of chemicals used in sol-gel reaction of titanium oxide.
Processing
method/Materials
In-Situ

Ex-Situ

TiBuO4

DI

HNO3

Acetylacetone

Water

(70% concentrated)

(ACAC)

PVDF

DMAc

Weight (gr)

0.8

0.2

0.2

0.2

3.8

47

mol

0.002

0.010

0.004

0.002

-

0.54

Weight (gr)

0.8

100

0.2

0.2

3.8

47

mol

0.002

5

0.004

0.002

-
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Figure 2-3- Schematic representation of sol-gel reaction of titanium dioxide

Since the water hydrolysis rate of most titanium organometallic compounds is extremely
fast making it difficult to control the reaction, a chelating agent, namely acetylacetone
was used to slow down the reaction rate. In addition to chelating agent, nitric acid
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(HNO3) was also used in order to control the pH of the solution. High concentration of
ions on the nanoparticles surface increases the nanoparticle surface charge and reduces
the chance of particle coagulation [72, 84]. Thus specific amount of chelating agent and
nitric acid were used to control the final particle size in the system. Figure 2-4 shows the
schematic of the in-situ processing steps.
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Figure 2-4- Flowchart of in-situ TiO2/PVDF processing steps
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2-2-4 Ex-situ synthesis of TiO2 nanoparticles in PVDF solution
In ex-situ technique, TiO2 particles were made by addition of titanium butoxide (TiBuO4)
to an aqueous solution; Figure 2-5 shows the processing steps. The synthesis of ex-situ
TiO2 particles starts with addition of acetylacetone to DI water, followed by nitric acid. In
the next step, titanium butoxide (TiBuO4) was added to the solution and stirred at room
temperature for 24 hrs. Then sol-gel TiO2 particles were centrifuged and removed from
the rest of the solution, washed and rinsed with DI water, then DMAc multiple times. In
the next step, dispersed TiO2 in DMAc underwent high power probe sonication for 1.5
hrs. The high power probe sonication procedure promoted particle crystallization in the
colloidal phase through localized heating. In the nanomaterial literature, ultrasonication
has been introduced as an effective method to form crystalline particles in particle
suspension systems [85-88]. In the next step, probe sonicated TiO2 in DMAc was
centrifuged for 10 min at 7000 rpm to remove micron-sized aggregates. The supernatant
containing nanoscale ex-situ TiO2 particles was then collected and added to PVDF
solution to make ex-situ TiO2/PVDF nanocomposites.
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Figure 2-5- Flowchart of ex-situ TiO2/PVDF processing.
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2-3 Characterization Techniques
2-3-1 Scanning Electron Microscopy
Scanning electron microscopy was performed using two FE-SEMs one a NanoSEM 630
and another one a Quanta 600 field emission SEMs. Nanocomposite films were first
fractured under liquid nitrogen to achieve a brittle fracture of the cross section area. The
fractured specimen was mounted on a ted pella© special fixture using a double sided
copper tape in an L-shape position in order to achieve a vertically aligned position of the
cross-section area. In the next step, the cross-section area of the specimen was sputter
coated by an Eminec Sputter coater using Iridium as the coating metal. The conductivecoated layer of Iridium with the thickness of around 5nm prevents charge buildup from
shooting electrons by the electron gun. Cross-section of the fractured samples was
characterized under FE-SEM to study the morphology as well as particle dispersion in
nanocomposite films. All imaging was taken under high vacuum condition and in
relatively low accelerating voltages of 5 to 10 kV in order to minimize the electron beam
damage to polymeric samples.

2-3-2 Transmission Electron Microscopy
TEM investigations were carried out on a JEOL JEM-2010 (200 kV) microscope.
Polymer nanocomposite films were microtomed in the cross-section direction in the
cryogenic condition. Microtoming was done by supergluing the nanocomposite film to an
epoxy block. This is just a way to hold it in the ultramicrotome. Then thin sections of
around 90nm were collected onto 200 hex mesh copper grids at -120°C. Cryogenic
condition is a necessity in acquiring TEM thin sections for soft materials and especially
polymers with glass transition temperature (Tg) below room temperature. The Based on
the sample charging and bead damage susceptibility, the accelerating voltages were
varied between 100 to 120 kV.
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2-3-3 Fourier Transform Infrared Spectroscopy (FTIR)
A Bruker V70 Fourier Transformed Infrared Spectroscopy (FT-IR) spectrometer in
Attenuated Total Reflection (ATR) mode was used to gather spectra data of TiO2
powders and also PVDF based nanocomposite films. FTIR in ATR mode is a very useful
mode of FTIR specially designed for gathering FTIR spectra of powders and liquids that
cannot be easily subjected to infrared FTIR beam in transmission mode. In ATR mode
the powder or liquid of interest is placed on the surface of a crystal, usually made of
Diamond or Germanium, and the electron beam comes as an evanescence wave from the
crystal to the intersection of the sample and the crystal and then goes through the sample
by a couple of microns depth. The reflected beam comes back to the crystal and then is
directed to the detector and spectrometer to be collected. FT-IR spectrum data of
nanoparticles can be particularly useful in studying chemical species present on the
surface of the nanoparticles. In the functionalization study, FTIR-ATR spectra were used
to characterize of the silane coupling agent’s functional groups attached to the surface of
the particle after silane treatments. In the in-situ and ex-situ study, FTIR-ATR spectra
were used to detect and identify different chemical species from the sol-gel reaction.
Polymer and polymer composite films can also be characterized by FTIR spectroscopy.
FTIR is specifically useful for identifying crystalline phases in semi-crystalline polymers.
Polymer nanocomposite films are usually semi-crystalline, translucent and thick, around
40micron in our case; they would be highly absorptive in transmission mode which needs
less than 5micron thickness for a typical transmission mode study. However, FTIR in
ATR mode is not affected by the film thickness and be used in identifying different
crystalline phases of PVDF. PVDF in particular is a semi-crystalline polymer and
crystallizes under a few different crystalline phases. Each of these phases has different
dielectric properties [80, 89-92]. The most common crystalline phase in PVDF is αphase, which is a non-polar phase. The PVDF chain conformation in α-phase PVDF is
tg+tg- in which the C-F and C-H dipole moments are alternatively positioned on either
side of the main backbone and cancel each other out (Figure 2-6). Therefore the result
dipole moment will be zero and the a-phase PVDF crystal becomes a non-polar phase.
The other chain conformation is all trans chain conformation in which as seen in Figure
2-6, all C-F bonds are arranged on one side of PVDF backbone and C-H bonds on the
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other side of backbone. This chain conformation brings out β-phase PVDF that is highly
polar, with higher dielectric permittivity and particularly ferroelectric behavior [92].

Figure 2-6- (a) PVDF α-phase and (b) β-phase chain conformation [92].

All other PVDF crystalline phases are somewhere in between α-phase and β-phase with a
polarity between these two. For instance, γ-phase is another common PVDF crystalline
phase and tttg+tttg- conformation. γ-phase is slightly polar but does not possess any
ferroelectric properties. Different crystalline phases have unique vibration signature in
mid-range infrared spectrum. Therefore, FTIR-ATR is used to identify different
crystalline phase of semi-crytalline polymers. Table 2-5 summarizes the characteristic
wave-numbers (cm-1) of different crystalline phases in PVDF [91].
Table 2-5- Summary of the characteristic wave-numbers (cm-1) of different crystalline phases in PVDF
[91].
Wavenumber (cm-1)

PVDF phase

483

γ

489

α

530

α

615

α

766

α

778

γ

795

α

52

812

γ

833

γ

840

β or γ

976

α

1234

γ

1279

β

One of the main advantages of FTIR-ATR technique is easy sample preparation. One just
have to make sure, the surface of the FTIR-ATR crystal is clean and dry. A background
spectrum is collected from the free crystal and then the spectrum of the specimen is
collected by simply positioning the sample on the crystal and keeping it held firmly by a
vertical pin, installed specifically for this purpose, on the crystal. The relative sample
spectrum is obtained after subtracting the background spectrum from the collected
absolute sample spectrum and is presented as a function of intensity of absorbance (or
reflectance) as a function of wave-number (usually between 400 to 4000 cm-1)
2-3-4 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is a widely used characterization technique to study the
chemical species present on the surface of the materials. The sample is irradiated by low
energy (1.5 keV) X-rays and the electrons ejected via irradiation are probed based on
photoelectric effect using a high-resolution electron spectrometer. The ejected electrons
convey important information regarding chemical oxidation state, electronic structure and
atomic composition of the surface of the sample. The results are shown as survey spectra
and high-resolution spectra of intensity or counting rate of electrons as a function of
binding energy (eV). Each element has a characteristic binding energy and based on the
electronic and chemical state of the element, the binding energy can be shifted to lower or
higher values [93].
The XPS is a Kratos Axis Ultra XPS with a monochromatic Al Kα X-ray source operated
at 14 kV, 20 mA in hybrid slot mode and with 0.01-0.5% atomic sensitivity and 0-10 nm
sampling depth. The survey scans are done using pass energy of 80 eV, with a 0.5 eV
step size and 150 ms dwell time. The high-resolution scans are done using pass energy of
20 eV and a step size of 0.1 eV. The dwell time is chosen based on the relative height of
the peak in the survey scans and therefore will vary for the different peaks. Samples were
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sputtered with 4keV Ar+ ions rastered over a 3 mm2 area for 30 minutes. The total depth
of Ar+ drilling is estimated to be approximately 675 angstroms. XPS is also able to give
quantitative analysis of atomic composition of the sample and identify atomic mass ratio
of each individual element in the sample.
In this study, XPS was used to study the surface of commercial as well as sol-gel
synthesized TiO2 particles. Moreover, the surface of functionalized TiO2 particles was
also characterized by XPS in order to verify the efficiency of silane functionalization
process.
2-3-5 X-ray diffraction (XRD)
X-ray diffraction technique is one of the most helpful techniques in understanding the
atomic and molecular arrangements in solids. It particularly gives valuable
crystallographic information in the semi-crystalline and crystalline solids. When an X-ray
beam interacts with a crystalline material, it is diffracted in certain directions. Bragg
described this phenomenon as constructive interference of waves that are diffracted from
successive lattice planes in the crystal [94]. Figure 2-7 shows schematic representation of
Bragg’s law by diffraction of diffraction of x-rays by two successive planes of atoms
[10].

Figure 2-7- schematic representation of Bragg’s law by diffraction of x-rays by two successive planes of
atoms in two layers of crystals [10].

Bragg formulated the diffraction phenomenon by the following formula:
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𝑛𝜆 = 2𝑑!!" 𝑠𝑖𝑛𝜃

(2-1)

where n is the order of reflection, which maybe any integer, 𝜆 is the wavelength of the
incident beam, 𝑑!!" is the distance between two successive crystal planes and 𝜃 is half of
the angle between the incident beam and diffracted beam [10].
A x-ray machine consists of a diffractometer to determine the angles at which Bragg’s
law is satisfied and diffraction happens. The X-ray machine varies the angle of incident
beam and the surface of the sample on one side and collects the diffraction pattern on the
other side. The result is usually presented as the intensity of diffraction pattern as a
function of 2𝜃 [10].
In this study, XRD is used to distinguish between different crystalline phases of metalxide nanoparticles. In particular, TiO2 undergoes three different crystalline phases
namely, anatase, brookite and rutile. Commercial as well as synthesized TiO2
nanoparticles in this study are characterized by XRD to verified crystalline phase of the
material.
A Panalytical XPert Pro MPD XRD machine was used to collect crystallographic
information of the powder material. The Panalytical machine was equipped with a Cu xray source. The XRD data was collected from 10 to 70 degrees of 2𝜃 from the
nanopowders.
2-3-6 Differential scanning calorimetry (DSC)
DSC is a powerful thermal technique for identifying thermal transitions such as melting
temperature of crystals as well as thermal relaxations such as glass transition temperature
in amorphous materials. DSC is also used to measure percent crystallinity of semicrystalline polymers such as PVDF in this study. In a typical DSC experiment there are
two pans: a reference pan usually made of a material with no thermal transition in the
temperature range of experiment and a sample pan made from the same material. The
reference pan is kept empty while the sample pan is filled with the material of interest. A
constant heat is applied to both pans with a constant rate and the DSC instrument
measures the difference in heat flow of the sample pan as opposed to the reference pan.
Figure shows the DSC diagram of a pure PVDF sample:
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The percent crystallinity is measured by the ratio of the area under the melting peak of
!
the sample (Δ𝐻! ), to the enthalpy of fusion of 100% crystalline sample (Δ𝐻!
) by

equation (2-2):
!!

𝑋! % = !!!
! ×100
!

(2-2)

The enthalpy of fusion for PVDF 100% crystalline is set to 104.4 J/g for a-phase crystals
based on literature [38, 95]. For nanocomposite samples, a correction factor is applied
after obtaining the percent crystallinity with respect to the weight fraction (wf) of the
polymer using:

𝑋! _𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑% = !"

!! %
!"#$%&'

(2-3)

A Q20 TA Instruments DSC machine was used to collect DSC results for three runs on
each nanocomposite sample. The results for percent crystallinity, melting temperature,
T! , and crystallization temperature, T! , were averaged among the samples tested. Heating
cycle started from room temperature to 200°C with a constant rate of 10°C/min followed
by a cooling cycle back to room temperature with 10°C/min cooling rate.
2-3-7 Dielectric permittivity measurements
A custom-made dielectric measurement setup in Center of dielectric studies at Material
Research institute (MRI) was used to measure dielectric permittivity of samples. Figure
2-8 shows the cartoon of the dielectric permittivity measurements.
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Figure 2-8- The dielectric permittivity measurements setup.

An Agilent LCR meter and a Delta temperature-controlled chamber were used to
measure the dielectric permittivity from 20 to 106 Hz. A 1V electrical potential is applied
to the sample in each frequency and the instrument measures the output current of the
sample. The lag between the input voltage (Vin) and the output current (Iout) is called
phase angle (𝜃). In an ideal dielectric capacitor 𝜃 = 90 while an ideal resistor has 𝜃 =
90. Polymers are lossy dielectrics where 0 < 𝜃 < 90. The instrument gives out the
complex capacitance in real and imaginary part as the output data. Using parallel plate
geometry the capacitance values are converted to the relative dielectrics permittivity
values in each frequency. Equation (2-4) gives the capacitance of a parallel plate
capacitor (C) having dielectric permittivity of ε’:
!

𝐶 = 𝜀′𝜀! !

(2-4)

Where, A is the surface area of the electrodes and t is the thickness of the dielectric. To
be able to use parallel plate capacitor configuration, 1 cm in diameter silver electrodes
were evaporated to a 100nm thickness on both sides of the films using a Kurt Lesker
Lab18 evaporator by physical vapor deposition technique. For temperature sweep
dielectric permittivity measurements the temperature of the chamber was varied from 40°C to 90°C in 10°C intervals and the complex capacitance was measured at multiple
frequencies. A number of three to five samples were tested for each nanocomposite
sample and the average was calculated among them.
2-3-8 DC dielectric breakdown measurements
DC electrical breakdown experiments were done using a Trek high voltage amplifier,
model 30/20, on polymer nanocomposites films in galden oil. The polymer
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nanocomposite film was placed on a conductive metal electrode after immersing in
galden oil. Then the top electrode was placed in the film as a metal pin. Around 30
different points were chosen on each polymer film and high voltage was applied to each
point with a ramp rate of 500V/s from zero up to failure point of the sample. The
experiment and data analysis was done with a Lab-view based program.

Top electrode !
(copper pin) !

Cables to HV!

Sample!
(polymer film) !

Bottom electrode !
(copper plate) !

Figure 2-9- The DC dielectric breakdown setup under Galden oil.

2-3-9 Thermo-gravimetric analysis (TGA)/Mass Spectrometer (MS)
Thermo-gravimetric analysis (TGA) is a very useful thermal technique to analyze the
thermal behavior of a material when it subjects to higher temperatures. The experiment is
usually carried out in a furnace under inert gas environment, such as N2 or He, when a
constant heating ramp is applied to the material while the weight of the material is
constantly monitored and recorded. By increasing the temperature the specimen
experiences weight losses associated with the type of the species that are being removed
from the sample. For instance, weight loss can be associated to evaporation of
physisorbed water at around 100°C in a hydrated metal-oxide sample. Weight loss can
also correspond to degradation of the material at high enough temperatures.
TGA can also be coupled with a mass spectrometer (MS) in order to analyze what kind of
species are coming off the sample at the time of TGA analysis. A MS is able to detect
different gas species based on their atomic mass. MSs work based on the amount of
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deflection an ion experiences in a magnetic field. The lighter the ion, the more it is
deflected. A TGA/MS instrument gives valuable information on the amount and type of
gas species being removed from the sample.
In this research, different metal-oxides were analyzed by a TA Q20 TGA connected to a
Mass spectrometer. Since metal-oxides naturally absorb water, the amount of physisorbed
as well as chemisorbed water was measured by the TGA/MS experiment. Around 30mg
of nanoparticle was placed in platinum made TGA pan. The experiment was carried out
from room temperature to 1000°C with the ramp rate of 5°C/min under He purge.
2-3-10 Particle size analysis
Particle size analysis was performed using dynamic light scattering (DLS) technique as
the classical technique used for measurements of particle sizes of the submicron range
suspended in a liquid medium. DLS measures Brownian motion of the particles in the
liquid as a result of translational diffusion of thermally driven solvent collisions and
correlates it with the particle size using a correlation function. A monochromic laser
beam is illuminated to the colloidal sample and an optical laser detector detects the
scattered light. The rate at which the intensity of the scattered light fluctuates is then
correlated to the speed at which the particles diffuse in the solvent media called
translational diffusion [96, 97]. The hydrodynamic diameter, 𝑑 𝐻 , of the particle is
calculated from the translational diffusion (𝐷) using Stokes-Einstein equation (2-5):
!"

𝑑 𝐻 = !!"#

(2-5)

Where k is Boltzmann’s constant, T is absolute temperature and 𝜂 is viscosity of the
liquid media.
Nanosizer S by Malvern© is used to characterize nanoparticle average size in DMAc
solvent. Colloidal suspensions of different nanoparticles in DMAc were prepared by prior
bath sonication of 1wt% of nanoparticles in DMAc for 4hrs in room temperature. An
average of 12 runs is performed for each sample and the hydrodynamic diameter, 𝑑 𝐻 ,
is reported as z-average particle size as the cumulants mean of the particle size analysis
[96, 97].
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2-3-11 Zeta Potential Measurements
Zeta potential is a developed parameter related to the surface charge of a solid material
when it is suspended in a fluid. It is the universal parameter that gives a good
understanding on the physiochemical phenomena on solid-liquid interface. Most
importantly, in colloidal science, zeta potential is used to study the suspension
stabilization. The sign and magnitude of zeta potential is used as a reliable criterion for
understanding the resistance of nanoparticles to coagulation in a colloid. Most of
materials acquire a surface charge when dispersed in a solvent with high enough polarity
such as water [98]. Charge development in such suspensions stems from various charging
mechanisms such as: ionization of surface groups, differential adsorption of ions and
acid-base interactions. In case of metal-oxides such as: TiO2, Al2O3, SiO2 and MgO
since all of these metal-oxides naturally have some hydroxyl group on their surface, when
they come in contact with a polar media such as water, surface ionization happens
through the interactions with water molecules. The surface hydroxyl group interactions
with water molecules can be written in two main reaction categories as shown in
equations (2-6) and (2-7):
M-OH + H2O à M-O- +H3O+

(2-6)

M-OH + H2O à M-OH2+ + OH-

(2-7)

Where M could be any metal-oxide under study. The type and affinity of surface
hydroxyl group to the water molecules determine which reactions are dominant and thus
what sign and magnitude of particle surface charge will be in the colloid of study.
Irrespective of what mechanism created the surface charge, a redistribution of charge
species in the liquid surrounding the particle surface is required to satisfy overall electro
neutrality of the system. This is achieved by development of a structure around the
particle called an electric double layer. In the electric double layer an adjacent layer of
ions with the opposite charge with respect of the surface charge is established in order to
maintain electro neutrality [99].
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The electric double layer consists of a surface charge layer, neutralized with an immobile
layer closest to the surface called stern layer and an outer layer called diffuse, GouyChapman layer where diffusion of ions to and from the bulk happens. Due to formation
of the electric double layer and redistribution of electric charge at the particle-liquid
interface, an electronic potential is established from the particle surface, which linearly
decreases in the stern layer and then decays exponentially to zero in the Gouy-Chapman
layer. Zeta potential is defined as the electric potential at the shear plane of outer edge of
the stern layer [98]. Stable particle dispersion in the dispersing media happens where the
thickness of the electrical double layer is high enough that the repulsion forces created by
overlapping two adjacent electrical double layers overcomes the sum of van der Waals
attractive forces trying to bring two particle closer. Therefore, higher thickness of
electrical double layer manifests itself in higher zeta potential values [99].
The concept of zeta potential was originally developed for aqueous solutions, but it can
be expanded to electrical properties of non-aqueous based colloids. However low polarity
and low dielectric constant of non-aqueous solvents as well as the inability to establish
ionized species in them has made it difficult to study zeta potential in non-aqueous
systems. Nevertheless, there were still limited studies showing the possibility of having
charged species in organic solvents such as carbon dispersed in benzene [100] or the
effect of acidity or basicity of the solvent on the zeta potential behavior of different metal
oxides [101]. Based on these studies, there is still possible to measure zeta potential in
organic solvents, however the charging mechanism is different from aqueous solutions
and is mainly through the formation and absorbance of ions on the particle surface via
acid-base interaction between the particle surface and the organic solvent [101, 102].
The most common technique to measure zeta potential of nanoparticles in suspensions is
electrophoretic light scattering (ELS). ELS works based on electrophoresis phenomenon.
Electrophoresis effect is the movement of a charged particle relative to the suspending
media under an applied external electric field. On other words, when an electric field is
applied across the colloidal sample, the charged particles are attracted toward the
electrode with the opposite charge. This attraction is opposed to Brownian forces as well
as other forces acting against this movement [98]. After equilibrium is reached among all
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forces involved, the particle moves toward the electrode with the opposite charge with
constant velocity [97, 98]. ELS measures this velocity as electrophoretic mobility (𝑈! )
which correlates with zeta potential of the particle by Henry equation (2-8) [101]:

𝑈! =

!!"
!!

𝐹(𝜅𝑎)

(2-8)

Where Z is zeta potential, 𝐹(𝜅𝑎) is Henry’s function, 𝜀 and 𝜂 are dielectric constant and
viscosity of the medium, respectively. 𝐹(𝜅𝑎) is usually 1.5 for aqueous solutions and 1
for non-aqueous solutions .
A Malvern Nanosizer S series instrument was used to measure the zeta potential of
colloidal samples in this study. Colloidal samples of different nanoparticles were
prepared at 0.1wt% of nanoparticles in water and DMAc as separate samples by aid of
bath sonication and mechanical stirring for 4hrs. Then the pH of the solutions was
adjusted, in different values in a wide range of acidic to basic conditions, using 0.1 molar
standard HCl or NaOH solution, in order to study the effect of pH on the zeta potential
and therefore obtain the point of zero charge (PZC) for each type of nanoparticle in the
respective medium. The knowledge of PZC provides useful information on the
appropriate pH values to obtain stable dispersion and also determines the acidity or
basicity nature of the particle surface in the suspending medium. Particles with PZC<pH
7 have acidic character, on the other hand, PZC>7 is achieved by particles with basic
properties. It is important to consider that acid-base behavior of a particle is also strongly
dependent upon the suspending medium and it may change based on the type of liquid
used as the medium.
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Chapter 3 TiO2/PVDF nanocomposites
3-1 Effect of silane functionalization on Dielectric properties
3-1-1 Optimization of weight ratio of silane coupling agent
In order to find out what weight fraction of silane is the best to achieve the best silane
coverage and best dispersion of nanoparticles in DMAc, weight fraction of silane was
varied as a function of TiO2 nanoparticle weight. Figure 3-1 shows z-average mean
particle size diameter for TiO2 nanoparticles in DMAc as a function of the ratio of the
weight of silane coupling agent to the weight of TiO2 nanoparticle.

Figure 3-1- Z-average particle diameter, obtained from 1wt% colloidal sample of titania/DMAc by
dynamic light scattering, for titania particles functionalized with different weight fractions of APS and
FHES silane coupling agents.

Based on Figure 3-1 it is clear that functionalization with both silane coupling agents
decreases average TiO2 particle size. 1 w/w ratio of silane/TiO2 showed the lowest
average particle size and the most effective silane to TiO2 w/w ratio and hence was used
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as the weight fraction of functionalization for fabrication of functionalized TiO2
nanoparticle/PVDF nanocomposites.

3-1-2 TiO2 nanoparticle surface characterization
Figure 3-2 shows FTIR-ATR spectra of TiO2 nanoparticles for untreated as-received
TiO2 particles as well as functionalized TiO2 particles with FHES and APS silane
coupling agents. As for as-received particles, the strong Ti-O-Ti peak below 1000 cm-1
shows up as the main FTIR signature of TiO2 nanoparticles. The peak at 1625 cm-1 in
untreated sample represents surface molecular water on TiO2 surface [20, 56]. The broad
peak at 3000-3500 cm-1 is attributed to the hydroxyl group naturally present on the
surface of TiO2 powder. For APS-functionalized TiO2 nanoparticles, the small peak at
985 cm-1 could represent Ti-O-Si bond [103]. Moreover, multiple peaks at 1000-1300 cm1

could be signatures of O-Si bonds reported in the literature. Finally, the small

absorption at 2920-2970 cm-1 correspond the C-H asymmetric and symmetric stretching
vibrations in the organic part of grafted tail of APS silane structure [103]. As for FHESfunctionalized TiO2 nanopowder, strong C-F2 bonds at 1100 to 1300 verify the existence
of FHES coupling agent grafted on the surface of TiO2 powder. Since functionalized
TiO2 nanoparticles were rinsed and centrifuged multiple times to remove any residue of
unfuntionalized silane from the surface of the particles, it is believed that the FTIR
signatures of silane functional groups represent the covalently bonded silane coupling
agent on the surface of the particles. However, small intensity of FTIR peaks related to
APS coupling agent raise the concern of relatively lower surface coverage in the case of
APS-functionalized TiO2 as compared to FHES-functionalized TiO2.
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Figure 3-2-FTIR-ATR spectra of untreated (as-received) titania particles as well as functionalized titania
with APS and FHES silane coupling agents.

Figure 3-3 and Figure 3-4 show XPS results of silane functionalized TiO2 particles.
Strong fluorine band in FHES-functionalized TiO2 as well as nitrogen band in APSfunctionalized TiO2 also verify presence of silanes on the corresponding functionalized
TiO2 nanoparticles.
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Figure 3-3-XPS survey spectrum of FHES-treated TiO2
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Figure 3-4- XPS survey spectrum of APS-treated TiO2

Table 3-1 shows atomic concentration analysis of the surface of the untreated nano titania
as well as functionalized titania powder. Higher atomic concentration of fluorine versus
silicon and nitrogen can be explained by presence of higher number of fluorine atoms in
the organic tail of FHES coupling agents. By comparing the number of fluorine atoms to
the number of silicon atoms in the chemical structure of FHES, the theoretical atomic
ratio between fluorine and silicone is 9/1. Almost the same atomic ratio is calculated by
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XPS analysis 29/3. In case of APS-functionalized TiO2 this theoretical ratio between
silicon to nitrogen is 1/1 based on chemical structure of APS. Based on XPS analysis also
the experimental ratio of 1/1 is calculated for atomic ratio of Si/N atoms. The same
atomic concentration of silicon in functionalized TiO2 samples with both silane coupling
agents suggests the same amount of surface coverage with both coupling agents.
Table 3-1- XPS atomic concentration analysis for titania nanoparticles as well as APS and FHES
functionalized titania nanoparticles
Atomic Concentration (%)
Ti

O

Si

N

F

Untreated TiO2

30

70

-

-

-

FHES-treated TiO2

19

48

3

1

29

APS-treated TiO2

26

67

3

3

1

Figure 3-5 shows TGA thermogram of untreated as-received TiO2 nanoparticles along
with functionalized TiO2 nanoparticles with FHES and APS silanes. The weight loss in
untreated sample is mostly due to physisorbed water absorbed on the surface of TiO2 as
well as hydroxyl groups bonded on the surface of TiO2 also detected by FTIR-ATR
experiment above. The higher weight loss of around 2% more in case of APSfunctionalized TiO2 suggests thermal degradation of APS grafted silanes from the
surface of TiO2 nanoparticles. In case of FHES-functionalized TiO2, the weight loss
becomes significantly higher so that the total weight drops down to 72% at the end of
TGA experiment. By comparing the atomic weight of FHES silane to APS silane, FHES
is almost 5 times heavier and that explains some of the higher weight drop in FHESfunctionalized TiO2. However, the weight loss in APS is almost 10 times lower than
FHES that could suggest that the surface coverage in APS was not as efficient as the case
of FHES.
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Figure 3-5- Weight loss as a function of temperature by TGA experiment for as-received as well as APSfunctionalized and FHES-functionalized titania nanoaprticles

3-1-3 Dispersion of TiO2/PVDF nanocomposites
Figure 3-6 shows the dispersion behavior of TiO2 nanoparticles in 5wt% TiO2/PVDF
nanocomposite for untreated TiO2 as well as functionalized particles. It can be seen that
aggregates with up to 3 micron in size are present in the untreated sample. In the case of
functionalized TiO2 the average aggregate size decreased. For APS treated sample
aggregates with 1 micron in diameter were still seen but most of aggregates looked to be
in submicron size. In the FHES treated sample the aggregate size even decreased more
and most of aggregates were in the range a couple of hundreds of nanometers. Presence
of nanometer size aggregates with average size of less than 100 nm was completely seen
in FHES treated sample. FHES sample also showed a more uniform distribution of nanosized aggregates in lower magnifications and bigger scales of dispersion study. This
behavior was in line with a smaller z-average particle size and sharper particle
distribution in particle size analysis study in section 3-1-1.
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Mag%%~%30k%

Mag%%~%20k%
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Figure 3-6- FE-SEM of cross-section of TiO2/PVDF nanocomposite films fractured in liquid nitrogen for
5wt% nanoparticles of different surface treatments: (left column) untreated (middle column) FHES treated
and (right column) APS treated in magnifications of approximately 10k, 20k and 30k.

Figure 3-7 and Figure 3-8 show FE-SEM images of 10 and 20wt% TiO2/PVDF
nanocomposites with different surface treatments. The same trend was observed in higher
weight fractions of TiO2 in PVDF. FHES treated TiO2 showed lowest average aggregate
size compared to APS treated and untreated samples. The state of aggregation of TiO2
nanoparticles generally became worse by comparing 5wt% to 10 and 20wt% samples.
This behavior results from higher volume fraction of particle phase, lower average
particle distance and higher probability of particle-particle collision at the time of
processing in the case of samples with higher weight fractions of particles.
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Figure 3-7- FE-SEM of cross-section of TiO2/PVDF nanocomposite films fractured in liquid nitrogen for
10wt% nanoparticles of different surface treatments: (left column) untreated (middle column) FHES treated
and (right column) APS treated in magnifications of approximately 10k, 20k and 30k.
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Figure 3-8- FE-SEM of cross-section of TiO2/PVDF nanocomposite films fractured in liquid nitrogen for
20wt% nanoparticles of different surface treatments: (left column) untreated (middle column) FHES treated
and (right column) APS treated in magnifications of approximately 10k, 20k and 30k.

3-1-4 Statistical assessment of dispersion
To be able to better evaluate the difference in dispersion behavior of nanocomposites
with different TiO2 weight fractions and also different surface treatments, a simple image
processing analysis was employed on the SEM images by measuring the average
aggregate size for multiple aggregates in multiple images of a particular sample with
specific weight fraction and surface treatment. The image processing was performed by
inscribing an imaginary circle around every aggregate and measuring the corresponding
diameter of the circle. It was tried to count and measure all aggregates and particles that
where seen in the SEM image. For 20wt% untreated sample since the size of aggregates
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were too big, smaller population of aggregates was counted and measured. An average of
three SEM images were used from different areas of the sample. In the next step, the
measured aggregate sizes were sorted and placed in bin sizes of 10nm, 20nm and 100nm
intervals for aggregate sizes of below 100nm, between 100 nm to 1 micron and above
micron size, respectively. The number of occurrence of each bin size was then converted
to percent population of each bin size by the ratio of occurrence to the total number of the
counted samples. The results are shown in Figure 3-9 in three different categories of
untreated

as-received

TiO2/PVDF

composites

as

well

as

(FHES-

functionalized)TiO2/PVDF and (APS-functionalized)TiO2/PVDF composites in different
weight fractions. The standard deviation (σ) for each sample was also calculated based on
equation:

N

σ=

1
(xi − x0 )2
∑
N i=1
x0

(3-1)

where, xi is the measured aggregate size for the ith aggregate, x0 is the average aggregate
size of the sample and N is the number of counted aggregates for a particular sample.
Skewness (S) of the data was also calculated as the measure of asymmetry of the
distribution of variables based on equation:
3

N
" xi − x 0 %
N
S=
$
'
∑
(N −1)(N − 2) i=1 # σ &

(3-2)

Higher skewness number indicates a poorer distribution of aggregates. The negative or
positive sign of skewness, on the other hand, indicates more asymmetric distribution with
higher population toward smaller and larger aggregates, respectively. The results of the
dispersion assessment are also presented in Table 3-2.
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Figure 3-9- Results of SEM image analysis on average aggregate size of titania/PVDF nanocomposites
with different surface treatments. Population of particles in percentile is plotted as a function of particle
size in nanometer.
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Table 3-2-Statistical assessment of dispersion of titania/PVDF nanocomposites with different surface
treatments and in different weight fractions of titania in PVDF
Number of particles

Arithmetic mean

Standard deviation

counted

(nm)

(nm)

5wt% TiO2(untreated)/PVDF

47

305

429

+3.0

10wt% TiO2(untreated)/PVDF

30

919

780

+1.3

20wt% TiO2(untreated)/PVDF

8

2884

1335

-0.4

Skewness

5wt% TiO2(FHES)/PVDF

123

113

94

+2.8

10wt% TiO2(FHES)/PVDF

101

119

81

+1.9

20wt% TiO2(FHES)/PVDF

200

150

149

+3.4

5wt% TiO2(APS)/PVDF

64

362

293

+1.3

10wt% TiO2(APS)/PVDF

56

364

283

+1.4

20wt% TiO2(APS)/PVDF

50

528

353

+1.1

Based on Figure 3-9 and Table 3-2, findings of this assessment study can be summarized
as the following. As for untreated TiO2/PVDF composites, the average particle size
significantly increases from 300nm range in the case of 5wt% to around 3 microns in
20wt%. The reason of this increase is primarily higher population of high surface energy
TiO2 particles in which higher probability of collision at the time of dispersion as well as
higher tendency of minimizing the surface energy in TiO2 nanoparticles cause
significantly more aggregation and bigger aggregate size. The other interesting
observation is the decreasing trend of skewness number from +3.0 in 5wt% to eventually
-0.4 in 20wt% which also indicates that in smaller weight fractions due to lower
probability of particle-particle collision and longer average inter-particle distance, the
majority of aggregates hold a submicron size, however by going to higher weight
fractions, namely 20wt%, the trend is reversed and majority of aggregates become in the
micron size. Finally by comparing average aggregate size in 5wt% untreated TiO2/PVDF
which is 305±429 nm versus 1651±221 nm for the sample with the same weight fraction
of TiO2 powder in DMAc solvent, it is surmised that, in small enough weight fractions,
the presence of polymer chains can come as an aid to decrease the average aggregate size.
As for FHES-treated TiO2/PVDF nanocomposites, the majority of aggregates turned out
to be in the range of 100nm or less, verifying the fact that FHES functionalization was
effective in decreasing the average aggregate size to nanoscale regime. Moreover, the
average aggregate size stayed almost the same by going to higher weight fractions in this
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case. This behavior suggests that due to long tail of FHES coupling agent a steric
component is added to the surface of the particles that prohibits particle-particle
adjunction and subsequent aggregation. Besides, the good dispersability and chemical
compatibility of FHES with both DMAc solvent and PVDF polymer results in better
dispersion of FHES coated TiO2 nano-powders in the solvent and polymer molecules.
Positive skewness numbers in all weight fractions of FHES treated samples represent
higher population of nanoscale aggregates as it can also be clearly seen in Figure 3-9.
Finally, by comparing the average aggregate size in 5wt% FHES-treated TiO2/PVDF,
which is 113±94 nm versus 179±85 nm measured for the sample with the same weight
fraction of TiO2 powder in DMAc solvent, the average aggregate size shows to be
smaller in the polymer due to better affinity of FHES chains with PVDF molecules and
steric contribution of dispersion phenomenon. It is noteworthy to state that, due to
limitation of SEM images in detecting particle sizes below 20nm, the average aggregate
size measured by SEM technique could contain some error in neglecting nanoparticle
sizes in the very small nanoscale regime. Therefore, it could be assumed that if
nanoparticles with average particle size below 20 nm were to take into account, the
average aggregate size from SEM assessment could also be shifted toward smaller
values.
Lastly, APS-treated TiO2/PVDF samples showed a good distribution of submicron TiO2
aggregates in PVDF matrix. Presence of APS silane on the surface of the TiO2 powders
successfully kept the majority of aggregate sizes below 500 nm and prevented
intensification of increase in average aggregate size by going to higher weight fractions.
Relatively low skewness number of around +1.1 to +1.4 denoted on a uniform
distribution of submicron aggregates in the PVDF matrix. Even though APS was not as
successful as FHES in preventing aggregation and creating a true nanocomposite, it could
still be efficient in keeping the average aggregate size below 500nm even at 20wt% of
TiO2 nanopowder in PVDF.
PeakFit software © was also used on the histograms, created by automatic binning using
Sigmaplot software © by fitting a Lognormal 4-parameter (amplitude) fitting function
with the following equation (3-3):

75

𝑦 = 𝑎! exp −
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Where, a0 is amplitude, a1 is center, a2 is width and a3 is shape of the fitted peaks of the
lognormal equation.
The results of particle size distribution with the obtained Lognormal fit for each sample is
presented in Figure 3-10 to Figure 3-13. Table 3-3 also summarizes the lognormal fitting
parameters obtained for all nanocomposite samples. The results of Figure 3-10 to Figure
3-13 along with Table 3-3 also confirmed that FHES functionalization was effective in
reducing the aggregate size below 100 nm and resulting in a nano-dispersed
nanocomposite system. APS-treated composite systems also showed effective reduction
in average aggregate size, however was unable to reduce the average aggregate size
below 100 nm.
Table 3-3-Lognormal Fitting parameters for the main peak, the peak with the highest amplitude and hence
heaviest weight ratio and contribution to the fitting data, for TiO2/PVDF nanocomposites with different
weight fractions of TiO2 nanoparticles and different silane surface treatments.
Asymmetry at

Center (nm)

FWHM

(Lognormal Mean)

(nm)

5wt% TiO2(untreated)/PVDF

125

162

1.3

10wt% TiO2(untreated)/PVDF

312

500

1.8

20wt% TiO2(untreated)/PVDF

4008

2165

0.2

5wt% TiO2(FHES)/PVDF

67

89

1.5

10wt% TiO2(FHES)/PVDF

76

74

1.2

20wt% TiO2(FHES)/PVDF

67

72

1.5

5wt% TiO2(APS)/PVDF

156

253

2.0

10wt% TiO2(APS)/PVDF

325

411

1.1

20wt% TiO2(APS)/PVDF

414

324

0.3

76

Half Maxima
(nm)

(a)

(b)

(c)

Figure 3-10-Particle size distribution data for untreated TiO2/PVDF composites in different weight
fractions of TiO2 (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained by
lognormal 4-parameter area fitting using PeakFit software.
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(a)

(b)

(c)
Figure 3-11- Particle size distribution data for FHES-treated TiO2/PVDF nanocomposites in different
weight fractions of TiO2 (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained
by lognormal 4-parameter area fitting using PeakFit software.
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(a)

(b)

(c)
Figure 3-12- Particle size distribution data for APS-treated TiO2/PVDF composites in different weight
fractions of TiO2 (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained by
lognormal 4-parameter area fitting using PeakFit software.
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(a)

(b)

(c)

Figure 3-13- Lognormal fitting behavior of particle size distribution data for TiO2/PVDF nanocomposites
with different TiO2 surface treatment: a comparison between (a) 5wt% (b) 10wt% and (c) 20wt%
nanocomposites.
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3-1-5 FTIR spectroscopy of TiO2/PVDF nanocomposites
FTIR spectra of TiO2/PVDF nanocomposites are shown in Figure 3-14. The crystalline
phase of all nanocomposite samples was dominantly alpha-phase with signatures of αphase at: 530, 614, 764, 795, 855, 976 cm-1 wavenumbers [91]. As it is seen in figure the
crystalline phase of nanocomposites stayed dominantly α-phase for functionalized
TiO2/PVDF nanocomposites as well. Literature has also reported on achieving α-phase
by hot-cast processing of PVDF by heating above melting temperature of crystals (around
160°C) and then cooling down to room temperature at not slow cooling rates [104].
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Figure 3-14- FTIR-ATR spectra of TiO2/PVDF nanocomposites (top) comparison on different weight
fractions of untreated titania in PVDF (bottom) comparison on different surface treatments.

3-1-6 DSC of TiO2/PVDF nanocomposites
Figure 3-15 shows the DSC thermographs of melting behavior of PVDF and TiO2/PVDF
composites. The DSC behavior stayed unchanged by going to functionalized TiO2/PVDF
composites. Table 3-4 presents percent crystallinity, melting temperature and
crystallization temperature for untreated as well as functionalized TiO2/PVDF
nanocomposites. Based on Table 3-4, by increasing the weight fraction of TiO2
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nanoparticles, percent crystallinity slightly decreases. This can be explained by the fact
that presence of nanoparticles disrupts the crystalline formation of PVDF chains. On the
other hand Tm and Tc stay unchanged as the evidence of no heterogeneous crystallization
by aids of TiO2 nanoparticles and hence accumulation of TiO2 nanoparticles mostly in
amorphous part of PVDF matrix.

Figure 3-15- DSC thermographs of titania/PVDF nanocomposites in different weight fractions of titania
Table 3-4- Percent crystallinity as well as Melting Temperature, Tm (C) and crystallization temperature, Tc
(C) obtained from DSC experiment on titania/PVDF based nanocomposites with different titania surface
treatment and weight fraction (%). The results are average of three samples tested by DSC instrument. (The
weight of the samples was kept in range of 5±0.5 mg. The standard deviation for Tm and Tc for all
nanocomposites samples was obtained below 1°C)
Percent Crystallinity

Melting Temperature

Crystallization

(X%)

(Tm)

Temperature (Tc)

Pure PVDF

46±2

159

132

5wt% TiO2(untreated)/PVDF

46±2

159

135

10wt% TiO2(untreated)/PVDF

43±2

159

135

20wt% TiO2(untreated)/PVDF

40±3

158

134

5wt% TiO2(FHES)/PVDF

46±1

158

134

10wt% TiO2(FHES)/PVDF

43±2

159

135

20wt% TiO2(FHES)/PVDF

40±2

158

134

5wt% TiO2(APS)/PVDF

45±2

159

134

10wt% TiO2(APS)/PVDF

42±2

159

135

20wt% TiO2(APS)/PVDF

42±3

158

135
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3-1-7 Dielectric Permittivity results of TiO2/PVDF nanocomposites
Dielectric permittivity of untreated TiO2/PVDF nanocomposites is plotted as a function
of frequency for 5, 10 and 20wt% nanoparticle in Figure 3-16. Improvement in dielectric
permittivity was observed in all weight fractions as expected. In particular at 1kHz
frequency dielectric permittivity of nanocomposite increased by 5% compared to pure
PVDF. However, the improvement plateaued by going to 10wt% and then again
experienced another improvement by 26% at 20wt%. Figure 3-16-(bottom) shows
tangent delta of untreated TiO2/PVDF in different weight fractions. Even though tangent
delta stayed unchanged in high frequencies, in frequencies below 1kHz tangent delta
increased by up to 100% at 20wt%. This increase could stem from higher current leakage
after adding TiO2 nanoparticles to PVDF polymer. The ionic impurities and electronic
charge carriers can transport in the interfacial area between the two phases. This increases
the low-frequency conductivity of the nanocomposite samples.
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Figure 3-16-Dielectric permittivity (top) and loss factor, tan(δ), (bottom) for untreated titania/PVDF
nanocomposites as a function of frequency

Figure 3-17 shows dielectric permittivity of FHES-treated TiO2/PVDF nanocomposites
as a function of frequency in different weight fractions. The improvement in lower
weight fractions was more significant in this case compared to untreated TiO2/PVDF
samples. 5wt% FHES-treated TiO2/PVDF showed 11% improvements that increased up
to in 19% at 20wt% of FHES-treated TiO2 in PVDF. Better dispersion and smaller
aggregate size of FHES-treated TiO2 nanoparticles in PVDF increase the specific surface
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area between two phases and results in higher Maxwell-Wagner interfacial polarization
and hence improves dielectric permittivity. Tangent delta values showed a very negligible
change in the case of FHES-treated TiO2 nanocomposites. This behavior could be
explained by trapped charge carriers in the silane functionalized interphase and lower
conductivity of the sample in low frequency regime.

Figure 3-17- Dielectric permittivity (top) and loss factor, tan(δ), (bottom) for (FHES-functionalized)
titania/PVDF nanocomposites as a function of frequency.
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Figure 3-18 shows dielectric permittivity of APS-treated TiO2/PVDF nanocomposites as
a function of frequency in different weight fractions. The dielectric behavior of APStreated showed improvements in 5 and 20wt% but a similar slight decrease in dielectric
permittivity was observed in 10wt%. Tangent delta showed similar behavior in this case
to FHES-treated nanocomposites. There was a slight increase in tangent delta values in
low frequencies for APS-treated TiO2/PVDF nanocomposites.
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Figure 3-18- Dielectric permittivity (top) and loss factor, tan(δ), (bottom) for (APS-treated)titania/PVDF
nanocomposites as a function of frequency.

Figure 3-19 shows dielectric permittivity of all TiO2/PVDF nanocomposites at 1 kHz
with different surface functionalization as a function of TiO2 volume fraction (vf).
Volume fraction values are calculated based on weight fraction (wf) values by equation:

𝑣𝑓!"#! =

!!"#$ ×!"!"#!
!!"#$ ! !!"#$ !!!"#! ×!"!"#!
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(3-4)

The Maxwell-Garnet prediction is also added to this figure to represent a standard
microcomposite behavior including TiO2 and PVDF phase. The Maxwell-Garnet formula
is explained in section 1-2-3. As it was discussed in 1-2-3, section different theoretical
models have been proposed in the literature for dielectric permittivity of heterogeneous
systems [19, 105]. Based on a study by Shi et al. among all models including: MaxwellGarnet, mixture law, inverse of mixture law, logarithmic and Bruggeman; MaxwellGarnet showed the best fit for polymer composite systems specially in low volume
fractions [19]. The dielectric permittivity of pure PVDF at 1 kHz measured in the lab was
used as the dielectric permittivity of matrix in Maxwell-Garnet model. For the dielectric
permittivity of TiO2 phase, since the measurements of dielectric permittivity of
nanoparticles was not possible in the lab, an average value of εTiO2=70 was chosen based
on dielectric constant of anatase TiO2 reported in the literature [79, 106-109]. The first
interesting observation in Figure 3-19 is that the values of dielectric permittivity for
untreated TiO2/PVDF samples are very close to APS-treated TiO2 nanocomposites in all
volume fractions. Although functionalization with APS improved dispersion of TiO2 in
PVDF, it did not have any impact in dielectric permittivity. Moreover, the experimental
values of untreated and APS-treated nanocomposites lie close to Maxwell-Garnet
prediction for volume fractions up to 0.05. This is in agreement with a standard behavior
of a microcomposite system where interfacial effects are not significant and the
composite behavior can be predicted with effective media approach such as MaxwellGarnet. On the other hand, FHES-functionalized TiO2/PVDF sample showed
improvements over untreated and APS-treated TiO2/PVDF and also deviation from
Maxwell-Garnet model in 0.05 volume fraction. This behavior can be explained with
significant improvements in dispersion of TiO2 nanoaparticles in PVDF after
functionalization with FHES coupling agent.
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Figure 3-19-Dielectric permittivity at 1kHz as a function of titania volume fraction. A comparison between
as-received titania in PVDF and functionalized titania with APS or FEHS silanes. The dashed line is the
Maxwell-Garnet model in order to demonstrate a typical dielectric behavior of a microcomposite system.

3-1-8 DC dielectric breakdown of TiO2/PVDF nanocomposites
Dielectric breakdown results of nanocomposites are shown in Figure 3-20. Weibull
cumulative failure probability (P) is plotted as a function of electrical breakdown E
(MV/m) for pure PVDF as well as nanocomposites with different surface treatments. DC
dielectric breakdown was decreased by addition of TiO2 nanoparticles to the PVDF
matrix. This trend was continued by going to higher weight fractions of nanoparticles. In
the case of functionalized TiO2 nanoparticles in PVDF also, addition of nanoparticles
decreased DC dielectric breakdown. There are several reasons contributing to lower DC
dielectric breakdown of titania/PVDF nanocomposites. Among them, one can mention
lower dielectric breakdown of titania particles compared to PVDF phase. Lower
dielectric breakdown of titania aggregates provides highly concentrated regions of
electric field in PVDF matrix and facilitates flow of electrons. In other words, these
centers of concentrated electric field decrease the minimum electric field potential across
the thickness of the sample for an electric path to establish. The other reason of drop in
DC dielectric breakdown is introduction of defects at the interfaces of titania and PVDF
by adding titania phase. The higher weight fraction of titania increases defect
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concentration at interface and hence decreases dielectric breakdown even more. Table 3-5
summarizes the dielectric properties of TiO2/PVDF composites with different TiO2
surface treatments and weight fractions. Even though, FHES silane was effective in
decreasing the average aggregate size to nano scale regime, since DC dielectric
breakdown values generally decreased in all composite samples, the maximum
achievable energy density decreased in all composite samples compared to pure PVDF
sample. Assuming a linear dielectric behavior, elastic energy density can be used as
figure of merit in high power pulse capacitors as the stored energy per unit volume and
can be calculated as the following equation [15, 110]:
U =½ɛ0ɛrE2

(3-5)

Where U is elastic energy density, ɛ0 permittivity of vacuum, ɛr relative permittivity of
the sample and E is maximum allowable electrical field in the sample.
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Figure 3-20- Weibull cumulative failure probability of DC dielectric breakdown for titania/PVDF
nanocomposites: (top) untreated titania in PVDF in different weight fractions (middle) FHES-treated titania
in PVDF in different weight fractions (bottom) APS-treated titania in PVDF in different weight fractions
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Table 3-5- Summary of dielectric properties in titania/PVDF nanocomposites. A comparison based on
different surface treatments as well as weight fraction of titania.
Maximum
Sample

Sample

Electrical

Shape

thickness

breakdown

factor

(µm)

(MV/m)

(β)

ε'

Tan delta

(1kHz)

(1kHz)

allowable
energy
density
(J/cc)

Pure PVDF

38±2

446

6

9.4

0.01

8.2

5wt% (untreated) TiO2/PVDF

39±2

404

6

10.2±0.4

0.02

7.4

10wt% (untreated) TiO2/PVDF

43±3

363

7

10.1±0.2

0.02

5.9

20wt% (untreated) TiO2/PVDF

35±1

212

14

12.2±0.3

0.03

2.4

5wt% (FHES) TiO2/PVDF

39±1

390

6

10.8±0.2

0.02

7.3

10wt% (FHES) TiO2/PVDF

39±2

351

6

10.9±0.5

0.02

5.9

20wt% (FHES) TiO2/PVDF

51±3

219

11

11.6±0.1

0.02

2.5

5wt% (APS) TiO2/PVDF

40±3

394

5

10.2±0.2

0.02

7.0

10wt% (APS) TiO2/PVDF

35±2

415

9

9.9±0.4

0.02

7.5

20wt% (APS) TiO2/PVDF

41±1

359

6

12.3±0.1

0.02

7.0

3-2 In-situ and ex-situ processing of TiO2/PVDF nanocomposites
3-2-1 Characterization of sol-gel particles
Figure 3-21 shows XPS results of binding energy of titanium and oxygen elements in solgel TiO2 particles for the surface and also argon etched samples. The main Ti peak at
458.3 eV in XPS high-resolution spectrum corresponded to binding energy of Ti2p in
TiO2 compound verified with other studies [111]. The oxygen peak at 530 eV was also
assigned for O1s in TiO2 compound. There is a shoulder at 532 eV for oxygen
corresponding to surface hydroxyl group and molecular water that almost completely
vanishes after etching with argon ion beam [111-113].
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Figure 3-21- XPS results for sol-gel TiO2. (Top) Survey scans over wide range of binding energy. (Bottom)
High-resolution scans for Ti (left) and O (right) elements.

Figure 3-22 shows the FTIR spectrum of sol-gel TiO2 samples, both in-situ and exsitu, along with commercial TiO2 sample. The FTIR spectrum of commercial TiO2
powder was as expected with a main broad peak of Ti-O-Ti from 500 to 900 cm-1
wavenumber. In contrast, the sol-gel TiO2 powder showed many extraneous peaks that
could be related to residues of the sol-gel process. In particular, peaks at 482, 584, 745
and 972 cm-1 possibly correspond to the residues of TiO2 precursor; peaks at 780, 1167
and 1600 cm-1 are assigned to the residues of acetylacetone and finally peaks at 1126,
1282, 1367, 1600 and 1530-1650 cm-1 can be related to the TiBuO4-acetylacetone
complex structure [114-116]. In addition, by comparing the FTIR spectrum of ex-situ and
in-situ, it is found that most of the peaks related to acetyleacetone and titanum butoxide
complex are not present anymore in the ex-situ case. The only peaks left in the ex-situ
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sample are at 1330, 1400 and 1628, which can be assigned to Ti-O-Ti, residue of solvent
and bending vibration of absorbed molecular water, respectively [110]. Both presence of
solvent and water can be further controlled through high temperature processing.

Figure 3-22- FtIR-ATR spectra of sol-gel TiO2 as well as commercial TiO2 purchased from Nanoamor©.

The XRD results of sol-gel TiO2 particles (Figure 3-23) shows an amorphous halo with
no significant crystalline signature; whereas XRD of the commercial TiO2 powder
indicated TiO2 was in the anatase crystalline form. It is worth mentioning that TiO2
particles in crystalline form have a higher dielectric constant than TiO2 in amorphous
form. The average dielectric constant for amorphous TiO2 reported in the literature is less
than 20 [117, 118]; whereas for anatase and rutile crystalline forms, values of around 5070 and 100-120 are reported, respectively [79, 106, 109]. Thus it seems advantageous to
have crystalline TiO2 particles when higher effective dielectric constant is desired. Figure
3-23 also shows the XRD spectrum of ex-situ TiO2 sample; the peaks show anatase
crystalline structure.
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Figure 3-23. XRD of sol-gel TiO2 particles. A comparison between commercial particles in anatase form,
the in-situ and ex-situ titania particles

3-2-2 Dispersion study of sol-gel TiO2/PVDF nanocomposites
Figure 3-24 shows the FE-SEM image of 5wt% commercial, in-situ and ex-situ processed
TiO2/PVDF composite films. In case of commercial nanoTiO2 in PVDF, the nominal size
of individual nanoparticles reported by Nanoamor© is 15nm. However as it is shown in
Figure 3-24-(a), micron size aggregates are seen throughout the sample, demonstrating a
poor dispersion in PVDF. On the other hand, uniform distribution of TiO2 particles was
achieved using in-situ sol-gel technique, as can be seen in Figure 3-24-(b). Ex-situ
sample (Figure 3-24-c) also showed uniform dispersion and distribution of nanoparticles
throughout PVDF matrix and clearly, for both in-situ and ex-situ cases, better dispersion
that commercial sample.
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(a)!

2 μm"

(b)!

2 μm"

(c)!

2 μm"
Figure 3-24. (a) FE-SEM image of 5wt% commercial nanoTiO2 in PVDF (b) in-situ sol-gel TiO2/PVDF
nanocomposites and (c) ex-situ sol-gel TiO2/PVDF.
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The transmission electron microscope (TEM) images of in-situ and ex-situ
nanocomposites samples are shown in Figure 3-25. In situ sample shows better dispersion
and more uniform particle distribution throughout the PVDF matrix with individual nanoTiO2 particle. On the other hand, ex-situ sample shows clusters of nanoparticles in the
range of 200nm but well dispersed in the matrix. Films prepared using commercial TiO2
particles were not characterized using TEM due to the large agglomerates seen under
SEM.
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Figure 3-25. (Left column) TEM images of cross-section of in-situ sol-gel TiO2/PVDF and (right column)
ex-situ sol-gel TiO2/PVDF nanocomposite.

3-2-3 Differential scanning calorimetry (DSC) of nanocomposites
Differential Scanning calorimetry (DSC) results of TiO2/PVDF nanocomposites are
shown in Figure 3-26. All samples show the same melting behavior at Tm, close to
160°C. The percent crystallinity of nanocomposites was calculated from the area under
the melting peak and the results are shown in Table 3-6. Except the in-situ sample, which
showed almost 10% drop in percent crystallinity, all the other samples showed the same
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range of crystallinity as pure PVDF sample. At this point, it is speculated that the drop in
percent crystallinity of in-situ sample could be related to the confinement of polymer
chains; the nanoscale dispersion in this case results in a very low inter-particle distance,
and therefore smaller effective particle size and higher effective number of particles as
compared to the other two cases. As a result, the arrangement of polymer chains into
crystalline structure is hindered, and the percent crystallinity is reduced.

Table 3-6- Percent crystallinity (X%), melting temperature (Tm) and crystallization temperature (Tc) in
TiO2/PVDF nanocomposites. The results are average of three samples tested by DSC instrument. (The
weight of the samples was kept in range of 5±0.5 mg. The standard deviation for Tm and Tc for all
nanocomposites samples was obtained below 1°C)
Percent

Melting

Crystallization

Crystallinity

Temperature

Temperature

(X%)

(Tm)

(Tc)

Pure PVDF

46±2

159

132

Commercial TiO2/PVDF

46±2

158

134

In-situ TiO2/PVDF

37±3

157

132

Ex-situ TiO2/PVDF

47±1

158

135

100

Figure 3-26- DSC profile of PVDF based nanocomposites. Heat flow (mW) in arbitrary unit is plotted as a
function of temperature of experiment. The plots are shifted in the y-axis to be more distinguishable from
one another.

3-2-4 Dielectric permittivity of nanocomposite
Dielectric permittivity behavior of the TiO2/PVDF nanocomposite films is plotted in
Figure 3-27-(a). Significant increase in dielectric permittivity was observed in in-situ
TiO2/PVDF composite sample compared to commercial nanoTiO2/PVDF sample.
Particularly, dielectric permittivity of in-situ 5wt% sample was 30% higher than the
commercial TiO2/PVDF sample at 1kHz. However the dielectric loss factor of the in-situ
sample (Figure 3-27-(b)) is also much higher. Dielectric permittivity of the ex-situ
sample lies above the commercial sample but below in-situ sample. As Figure 3-27-(b)
shows the loss factor of the ex-situ sample was reduced significantly compared to in-situ
amorphous sample.
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Figure 3-27- (a) Dielectric permittivity and (b) dielectric loss factor at room temperature as a function of
frequency for in-situ TiO2/PVDF as well as ex-situ and commercial nanoTiO2/PVDF.

To better understand the unusual dielectric permittivity of in-situ sample, the AC
conductivity of all samples were plotted as a function of frequency (Figure 3-28). The
AC conductivity of in-situ TiO2/PVDF sample showed up to three orders of magnitude
increase in the low frequency regime compared to the other cases, with a behavior that
reaches a plateau as it approaches 10-2Hz. This behavior is a sign of ionic conductivity
and is the reason for the higher dielectric loss of in-situ sample at low frequencies [4,
119-121]. It is believed that considerable number of ionic species due to the sol-gel
reaction, such as byproducts and residue of water and precursors, are left trapped in the
in-situ nanocomposite sample following formation of TiO2. Figure 3-22 also confirms
presents of these ionic species in the FTIR spectrum. Upon applying electric field, these
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ionic species respond in form of charge carriers, ionize and drift toward the opposite
electrode. At low frequencies, higher numbers as well as heavier ions are able to drift and
carry current across the sample so that AC conductivity and dielectric loss increase
significantly. In case of commercial TiO2/PVDF, the concentration of ionic species is
much lower and AC conductivity does not increase as much. Finally ex-situ TiO2/PVDF
sample showed lowest AC conductivity at low frequencies and almost no change
compared to pure PVDF. It is believed that first of all, washing and rinsing of ex-situ
TiO2 particles as part of the ex-situ method eliminated most of the ionic species, as
confirmed with FTIR (Figure 3-22). Second of all, better state of dispersion and no
aggregation in ex-situ sample significantly increased effective interfacial area between
nanoparticles and polymer matrix; there is evidence that high volume content of interface
can trap charge carriers in the systems containing large dipole moments [36, 122]. This
also explains lower loss behavior of ex-situ TiO2/PVDF sample.

Figure 3-28- AC conductivity as a function of frequency for TiO2/PVDF nanocomposites.

Figure 3-29 shows dielectric loss as a function of frequency at different temperatures for
pure PVDF sample as well commercial as-received titania, ex-situ and in-situ titania in
PVDF. The loss behavior of pure PVDF sample undergoes two major relaxation
processes as it is also reported in the literature [123-127]. The first one is called αa
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relaxation that happens at the higher frequency regime and is associated with the
dielectric response of PVDF at glass transition temperature. The second relaxation
process is called αc relaxation and is associated with dielectric relaxation of crystalline
moieties in the polymer. Both relaxation processes move toward lower frequencies with
increasing temperature and follow Arrhenius temperature dependencies as shown in
equation (3-5) [127, 128]:
!

𝑓!"# = 𝑓! 𝑒𝑥𝑝(! !)
!

(3-5)

where 𝑓!"# and T are the frequency (Hz) at max loss value and temperature (K),
respectively. kB is Boltzmann factor and φ is the activation energy for the specific
relaxation process. Therefore by plotting 𝑓!"# in natural logarithm format as a function
of (1/T) the activation energy can be calculated as the slope of the curve obtained by
linear regression of data. From figure can be seen that temperature range of -40°C to
10°C can be used to extract maximum dielectric loss value for αa relaxation process.
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(a)$

(b)$

(c)$

(d)$

Figure 3-29- Dielectic loss as a function of frequency for TiO2/PVDF nanocomposites in different
temperatures: (a) Pure PVDF (b) In-situ TiO2/PVDF (c) Ex-situ TiO2/PVDF (d) commercial TiO2/PVDF.

These results are plotted in Figure 3-30 for αa relaxation process. The calculated
activation energies for all samples were approximately φ =1eV, except ex-situ
TiO2/PVDF sample where the activation energy rose to φ =1.2eV. The increase in the
activation energy of αa relaxation process could be explained with significant increase in
specific surface area between nanoparticles and polymer in case of ex-situ sample in
which more energy is needed for the polymer dipoles to respond and orient themselves to
the applied electric field. It is believed that presence of ionic impurities in case of in-situ
nanocomposite sample counter-balances the effect of high surface area so that the
activation energy of in-situ sample stays the same as pure PVDF.
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Figure 3-30- Arrhenius behavior of dielectric relaxation process in PVDF and its nanocomposites obtained
by dielectric loss data.

Dielectric loss of nanocomposites can also be presented as a function of temperature in
order to study the effect of nanoparticles on glass transition temperature (Tg) of polymer.
Figure 3-31 shows dielectric loss with respect to temperature for nanocomposites as well
as pure PVDF sample measured in 20Hz and also 1kHz. Glass transition temperature (Tg)
of PVDF was assigned as -38.5°C at 20Hz. On the other hand Tg decreased in the case of
in-situ TiO2/PVDF (-39.5°C at 20Hz) and commercial TiO2/PVDF (-42.5°C). However,
in case of ex-situ TiO2/PVDF increase in Tg up to -30.4°C was observed. The same trend
also occurred in other frequencies including 1kHz. The reason of the highest increase in
Tg in ex-situ sample can be explained by better dispersion and smaller size of aggregates
in ex-situ sample as opposed to commercial TiO2/PVDF sample. In addition to that, by
comparing ex-situ sample with in-situ sample, the Tg is significantly lower in in-situ due
to presence of impurities at interphase that makes it easier for interfacial dipoles to orient
upon application of electric field.
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Figure 3-31- Dielectric loss as a function of temperature for different PVDF nanocomposites (top) 20Hz
and (bottom) 1kHz.

3-2-5 Dielectric breakdown of nanocomposites
Weibull cumulative failure probability is used to fit the breakdown data and extract
electrical breakdown values. In the Figure 3-32, Weibull cumulative failure probability
(P) is plotted as a function of electrical breakdown E (MV/m) for pure PVDF as well as
nanocomposites. The values of statistical electrical breakdown were obtained at failure
probability of P=0.6321 for different samples and are presented in Table 3-7.
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Figure 3-32. Dielectric breakdown data in terms of Weibull cumulative failure probability (P) for
TiO2/PVDF nanocomposites.

Table 3-7. Dielectric permittivity and breakdown strength for TiO2/PVDF nanocomposites.
Maximum
Sample

Sample

Electrical

Shape

Activation

thickness

breakdown

factor

energy

(µm)

(MV/m)

(β)

(αa)

ε'

Tan delta

(1kHz)

(1kHz)

allowable
energy
density
(J/cc)

Pure PVDF

38±2

446

6

1.0 eV

9.4

0.01

8.2

In-situ TiO2/PVDF

34±3

415

3

1.0 eV

13.0

0.04

9.9

Ex-situ TiO2/PVDF

34±3

460

7

1.2 eV

10.2

0.02

9.5

Commercial TiO2/PVDF

39±2

404

6

1.0 eV

10.2

0.02

7.4

Dielectric breakdown of in-situ TiO2/PVDF nanocomposite decreased compared to pure
PVDF by 7%. This decrease stems from presence of impurities in the in-situ sample. The
mechanism of dielectric breakdown in polymers is explained by electrical treeing
propagation phenomenon [41, 129]. Electrical tree mechanism results in multiple
electrically conductive paths and branches in the polymer matrix that are connected by
defect centers such as microvoids, impurities, trapped ions and free radicals. Presence of
defects of this nature facilitates electrical treeing propagation in the polymer matrix by
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enhancing electron-hopping mechanism from one defect to another and hence results in
lower dielectric breakdown strength. In the case of in-situ sample, because of presence of
large amount of ionic impurities left behind after the sol-gel reaction is complete,
dielectric breakdown strength has decreased. On the other hand, in case of ex-situ and
commercial TiO2/PVDF composites, improvement in dielectric breakdown strength was
observed. This improvement can be explained by nanoparticles acting as obstacles to
treeing mechanism. Since defects as centers of interconnecting electrical trees are
inherently located in the polymer matrix, presence of particles causes a longer path
among these defects and makes its more difficult for the electric current to flow. There
was not any relation found between the size of aggregates and dielectric breakdown
mechanism by comparing ex-situ to commercial sample in this study.
The values of maximum allowable elastic energy density of the nanocomposites are
calculated based on equation (3-5) and presented in Table 3-7. Energy density of
nanocomposites showed around 13% improvement over pure PVDF sample. Even though
the highest improvement was observed in in-situ nanocomposite, lower number of shape
factor, β=2.7 for in-situ sample, significantly limits fabrication of reliable capacitors in
terms of design liability, by in-situ techniques. On the other hand, ex-situ nanocomposite
sample showed over 10% of improvement in elastic energy density and highest shape
factor value and presented a promising technique in fabricating polymer based
nanocomposite capacitors.
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Chapter 4 Different metal-oxide types in PVDF
4-1 Characterization of different types of nanoparticles
4-1-1 Particle size analysis
Table 1 summarizes physical properties of different types of nanoparticles used in this
study. BET experiments were done to obtain specific surface area (SSA) of as-received
nanoparticles. The results of BET measurements are also provided in Table 1. Average
aggregate size, called estimated spherical diameter ESD, was calculated based the
obtained SSA from BET measurements by equation (4-1) [51]:

𝐸𝑆𝐷 𝜇𝑚 =

!
!
!!"(!

!" )∙!(

!"

!"!

)

(4-1)

Where, SSA is specific surface area obtained from BET measurements and ρ is density of
nanoparticle. The average particle size measured for titania nanoaparticles was 6 times
higher than the reported value by the company. The reason of higher titania average
particle size could be aggregation of nanoparticles since manufacturing until the time of
usage in the lab. Magnesia showed twice ESD value as compared to the reported value.
On the other hand alumina showed good agreement between the ESD value measured in
our lab and what the manufacturer reported.
Table 4-1- Physical as well as surface properties of metal oxide nanoparticles in this study
titania

silica

alumina

magnesia

Density ρ (g/cm )

3.9

2.2

3.95

3.58

ESD From Nanoamor© (nm)

15

15

10

20

SSA From Nanoamor© (m /g)

240

640

-

50

SSA from B.E.T measurements at MCL, PSU (m2/g)

17

417

133

35

3

2

ESD from B.E.T (nm)

90

6

11

47

z-average (nm) (DLS) in DMAc

1650±500

1585±220

390±310

390±300

SSA in the solution (DLS) (m2/g)

0.9

1.7

3.9

4.3

6530

90

AAN

920

110

2.8×10

6

The ESD was also calculated for colloidal dispersion of 1wt% of nanoparticles in DMAc
solvent using particle size analysis. The results of ESD of nanoparticles in DMAc are
presented in Figure 4-1 and Table 4-1.

Figure 4-1- Z-average particle size (nm) for different nanoparticle types obtained by dynamic light
scattering

Alumina and magnesia showed lower APS in DMAc as compared to silica and titania
particles. The average agglomeration number (AAN) was calculated for all nanoparticle
systems as a useful parameter in understanding the state of aggregation of nanoparticles
in the system. AAN was calculated based on equation (4-2) [130]:
!

!"#

𝐴𝐴𝑁 = ! !"# 𝜙! = !"# !"#
!"#

!"#

(4-2)

Where, ESDDLS is the z-average particle size from dynamic light scattering and ESDBET
is the average particle size calculated by using equation (4-1) by using SSA obtained
from BET measurements. 𝜙! is the packing fraction of particles in each agglomerate that
can be as low as 0.15 for a flocculated suspension and as high as 0.74 for close packed
spheres. The 𝜙! = 0.15 was chosen assuming flocculated suspension of particles in
DMAc. The results of AAN number for all nanoparticles are presented in Table 4-1.
Based on the AAN number silica as the smallest average particle size contained the
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highest number of nanoparticles in each aggregate. On the other hand, magnesia showed
lowest number of nanoparticles in each aggregate.

4-1-2 TGA/Mass Spec results
The results for thermo-gravimetric analysis coupled with mass spectrometer for asreceived nanoparticles are presented in Figure 4-2. The primary y-axis is weight loss of
the nanoparticle in TGA experiment. The secondary y-axis is ion current associated with
atomic number of molecular water (molar mass=18gr/mol) obtained simultaneously from
mass spectrometer. Both y-axes are plotted as a function of temperature from room
temperature up to 100°C. There are two main weight losses in all nanoparticle types.
There are also two main peaks in mass spectrometer associated with each weight loss,
respectively. The first weight loss that happens in the range of 100°C to 150°C for all
different nanoparticle types is associated with the evaporation of physisorbed water from
the surface of nanoparticles, mainly in form of MO.nH2O. This is confirmed with the
first peak in ion current from the corresponding mass spectrometer profile. The second
weight loss happens from temperatures 150°C up to 500°C is associated with the loss of
chemisorbed water from the surface of the particles mainly in form of MO.OH. This is
confirmed by the second peak in ion current profile from mass spectrometer. Even though
the second weight loss peaks at 200°C to 400°C, the loss of chemisorbed water continues
until the highest temperature of the experiment at 1000°C when more bound hydroxyl
groups in inner pores of the sample take off and evaporate in the form of water.
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Figure 4-2- Thermo-gravimetric analysis coupled with mass spectrometer data for different particle types.

The dehydration and dehydroxylation process of nanoparticles can be shown by Figure
4-3 adopted from J. Nawrocki for silica particles [131].
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Figure 4-3- The dehydration and dehydroxylation process of nanoparticles can be shown by figure adopted
from J. Nawrocki for silica particles [131].

Figure 4-4 shows the weight loss behavior of all nanoparticle types in the same plot. The
amount of chemisorbed water in forms of hydroxyl group on the surface was calculated
from the second weight loss in TGA curves from temperature 125°C up to 1000°C.
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Figure 4-4- Weight loss obtained by TGA experiment, comparison between different surface water
desorption.

Table 4-2 summarizes the weight fraction of physisorbed as well as chemisorbed water
indifferent nanoparticle types obtained by TGA experiment. Table 4-2 is used in the
following discussion in order to emphasize the difference between adsorbed surface
water as well as chemisorbed hydroxyl groups on the surface of different metals oxides
under study.
Table 4-2- weight fraction (%) of water on the surface of metal oxides obtained by TGA experiment.
titania

silica

alumina

magnesia

physisorbed water (.nH2O) wt%

1.3

3.1

9

1.8

chemisorbed water (.nOH) wt%

3.7

6.6

14

13.2

The values of physisorbed and chemisorbed water on the surface of different metaloxides presented in Table 4-2 will be used in the second part of section 2-2 of this chapter
to estimate the amount of water in both physisorbed and chemisorbed forms at the
interphase of metal-oxide with polymer matrix in the nanocomposite samples, in order to
study the effect of chemistry of interphase on dielectric properties.
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4-1-3 FTIR spectroscopy of nanoparticles
Figure 4-5 and Figure 4-6 show the FTIR-ATR spectra for as-received nanoparticles as
well as after TGA experiment. There are peaks at 1630 cm-1 for all as-received
nanoparticles associated with molecular water. There are also broad hydroxyl group
peaks at 3000-3500 cm-1 in as-received powders. All these peaks are almost disappeared
after thermal treatment in TGA experiment confirming the removal of physisorbed and
chemisorbed water after heating the samples up to 1000°C. The sharp peak in FTIR
spectrum of as-received MgO at 3700 cm-1 is from a surface layer of isolated Mg(OH)2
[132] which also decomposes by thermal treatment in TGA experiment.
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Figure 4-5- FTIR-ATR spectra of silica (top) and titania (bottom): a comparison between as-received and
thermally treated nanoparticles up to 1000°C after TGA experiment.
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Figure 4-6- FTIR-ATR spectra of alumina (top) and magnesia (bottom): a comparison between as-received
and thermally treated nanoparticles up to 1000°C after TGA experiment.

4-1-4 Zeta potential measurements and particle size analysis in aqueous media
Figure 4-7 shows the zeta potential measurement of silica nanoparticles in water. The
average particle size is also measured by dynamic light scattering is presented in the same
plot in secondary y-axes. Silica showed negative zeta potential values in all solution pH
values of measurement. The values of zeta potential dropped to lower numbers by
increasing solution pH. By extrapolating the zeta potential plot, it can be surmised that
the PZC for silica could be at solution pH around 1. The highly acidic nature of silica
surface favors dissociation of hydroxyl groups on the surface and hence the dissociated
protons are transferred into the water by the following reaction:
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Si-OH +H2O à Si-O- + H3O+

(4-4)

Presence of H3O+ ions in the solution increase the acidity of the solution. The negative
surface charge on the surface of Si-O- gives rise to the negative sign of zeta-potential
measurements. The average particle size stayed in the range of 500 nm in all range of
solution pH for silica particles in water.
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Figure 4-7-Zeta potential (mV) and z-average particle size (nm) for silica suspension in water

Figure 4-8 shows the zeta potential measurement of titania nanoparticles in water. The
zeta potential values decrease in this case by going to higher solution pH number. The
PZC is obtained as the solution pH where zeta potential becomes zero. The PZC for
titania was obtained at solution pH=6.5 based on Figure 4-8 and was in agreement with
literature values for anatase titania. The closeness of PZC of titania to natural solution pH
suggests that at natural pH, where there is not much ionic charge in the system, the
surface of titania is almost free of charge. This charge-less behavior of titania surface in
water explains the reason of more aggregation and higher average particle size of titania
in water in pH values close to solution pH=7. This behavior was also seen from particle
size analysis data. By increasing the pH from acidic range to natural pH=7, average
particle size significantly increases from submicron size at solution pH=5 to above 4 µm
at pH=7. The same behavior was observed from the basic side of the measurements.
Increasing the pH further into basic regime again decreased the average particle size
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down to submicron range. This behavior is explained by the formation of electrical
double layer around every particle. Since the surface of titania particles are highly
charged in pH values well below or above the natural pH, the free ions in the electrolyte
solution establish an electrical double layer around the surface of every particle in order
to maintain charge neutrality. This electrical double layer includes an adsorbed ion layer,
called stern layer, and a diffuse layer of counter ions to balance the charge in the first two
layers. The counter ion layer extends from outsides of stern layer and exponentially
decays into the bulk solution. Higher amount of charge on the surface of the particle
increases the thickness of the electrical double layer. Overlapping of the electrical double
layers between adjacent particles results in repulsive forces from same charged ions and
prevents particle coagulation. Therefore, in highly acidic and basic solution pH values,
the average aggregate size decreases as it is seen in figure.
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Figure 4-8- Zeta potential (mV) and z-average particle size (nm) for titania suspension in water

Figure 4-9 shows the zeta potential measurement of alumina nanoparticles in water. The
same behavior was observed in this case as the case of titania. The zeta potential showed
positive values well above 30 mV for pH values up to pH=5. The general trend of zeta
potential was decreasing by increasing the solution pH values. The isoelectric point (IZP)
or point of zero charge (PZC) was observed at around solution pH=9 denoting the basic
behavior of alumina in water. This is also confirmed with other literature on slight basic
behavior of alumina in aqueous solutions [99]. As a matter of fact, alumina surface can
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be acidic, basic or neutral depending of the surface properties and molecular as well as
crystalline structure of alumina. Amphoteric behavior of alumina is also reported in the
literature before [133]. Average aggregate size in alumina case also followed the same
behavior as it did in the case of titania in water. Interestingly, the average aggregate size
in strong acidic environment, pH<5, showed values in the range of 300 nm. On the other
hand strong basic pH values of above 11 could not decrease the average aggregate size
below 1000 nm. Therefore it was concluded that strong basic pH values are more
effective to decrease the average aggregate size in alumina nanoparticles.
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Figure 4-9- Zeta potential (mV) and z-average particle size (nm) for alumina suspension in water

Finally, the zeta potential and particle size analysis of magnesia nanoparticles in water is
presented in Figure 4-10. Strong basic structure of magnesia showed positive zeta
potential measurements across all pH values of measurements. The PZC was seen at
around 12.5 in this case. The highly basic nature of magnesia surface adsorbs proton ions
from the water electrolyte solution. The equation shows the ion transfer reaction between
aqueous electrolyte and the surface of magnesia:
Mg-(OH) +H2O à Mg-OH2+ + OH-

(4-5)

Our attempt to measure zeta potential values of magnesia in water in solution pH values
below 10 was not successful, since addition of more 0.01 molar HCl solution lead to
immediate drop in solution pH values but a constant increase to higher solution pH values
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afterwards. Therefore stable solution pH values of below 10 were not successfully
achieved and high solution pH fluctuations as well as unsteady increase in solution pH
toward basic regime prevented us from doing measurements in acidic regime. We
surmised that the reason of this behavior is related to highly basic behavior of magnesia
so that by adding more protons from HCl solution, the extra protons are adsorbed by the
surface of magnesia in the same reaction as (equation 4-5) and presence of relatively
higher concentration of OH- in the solution due to lack of free protons, results in
movements of pH to higher values. Regarding particle size analysis, again the lowest
particle size was observed in the highest zeta potential value. The smallest particle size
was 1240±690 nm at solution pH=10 and zeta potential value of 27±4 mV. However, the
lowest average particle size in this case was above 1 µm and no submicron value was
observed in the measurements.
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Figure 4-10- Zeta potential (mV) and z-average particle size (nm) for magnesia suspension in water

Figure 4-11 shows the zeta potential behavior of all metal-oxides in this study across pH
scale of measurements. Figure 4-11 clearly shows the different behavior of metal-oxides
from strong acidic case of silica to amphoteric titania and alumina and finally strong
basic behavior of magnesia.
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Figure 4-11- Zeta potential (mV) for different nanoparticle types in water as a function of pH

Our attempt to measure the z-potential of different metal-oxides in the organic solvent
(DMAc) did not result in repeatable and reliable data. Due to difficulties in measuring
solution pH in DMAc as well as low conductivity of organic media the results contained
fluctuations, high standard deviation and randomness. The result of our first attempt in
zeta potential measurements of different metal-oxides in DMAc is shown in Figure 4-12.
Also suggestions are given in future work section (section 5-2) for more reliable
measurements of z-potential values in organics.
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Figure 4-12- Zeta potential (mV) for different nanoparticle types in water as a function of pH

122

4-2 Characterization of polymer nanocomposite with different nanoparticle types
4-2-1 Dispersion of metal-oxides in PVDF: Morphology of nanocomposites
The dispersion of different metal-oxides in PVDF is presented in Figure 4-13, Figure
4-14 and Figure 4-15 as the fractured surface FE-SEM images of 5wt%, 10wt% and
20wt% of nanoparticles in PVDF, respectively. The average aggregate size in cases of
alumina was significantly lower than silica, titania and magnesia samples. Micron size
aggregates were clearly observed in those cases. On the other hand, alumina showed
uniform distribution of nano-aggregates in the submicron range. The dispersion behavior
of different metal oxides in the composite followed the same trend as obtained by particle
size analysis in section 1 of this chapter, except magnesia sample that the average particle
size in DMAc was significantly lower than the size of aggregates observed in composite
samples. The average particle size in both colloidal state in DMAc and composite state in
PVDF showed higher aggregation for silica and titania as well. On the other hand, better
dispersion and smaller aggregates for alumina samples.
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Figure 4-13-FE-SEM of cross-section of nanocomposite films fractured in liquid nitrogen for 5wt%
nanoparticles of different types in PVDF in magnifications of approximately 10,000 and 30,000.
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Figure 4-14- FE-SEM of cross-section of nanocomposite films fractured in liquid nitrogen for 10wt%
nanoparticles of different types in PVDF in magnifications of approximately 10,000 and 30,000.
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Figure 4-15- FE-SEM of cross-section of nanocomposite films fractured in liquid nitrogen for 20wt%
nanoparticles of different types in PVDF in magnifications of approximately 10,000 and 30,000.
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4-2-2 Statistical Assessment of dispersion
With the same procedure explained in section 1-4 of chapter 3, the FE-SEM images of
PVDF based nanocomposites with different metal-oxide were analyzed in order to obtain
particle size distribution data for each sample and hence compare the dispersion behavior
of nanocomposites statistically. The results of the assessments are given in Table 4-3.
Table 4-3-Statistical Values of assessment of dispersion in PVDF nanocomposite samples with different
nanoparticle types obtained by image analysis of FE-SEM images of nanocomposites.
Number of

Arithmetic Mean

Standard Deviation

particles

(nm)

(nm)

5wt% Titania/PVDF

47

305

429

3.0

10wt% Titania/PVDF

30

919

780

1.3

20wt% Titania/PVDF

8

2884

1135

-0.4

Skewness

5wt% Silica/PVDF

124

182

224

4.6

10wt% Silica/PVDF

83

213

498

5.5

20wt% Silica/PVDF

36

856

603

1.5

5wt% Alumina/PVDF

83

53

32

1.7

10wt% Alumina/PVDF

73

43

19

2.1

20wt% Alumina/PVDF

75

65

28

1.8

5wt% Magnesia/PVDF

54

661

675

1.4

10wt% Magnesia /PVDF

25

1546

1487

1.5

20wt% Magnesia/PVDF

46

1468

1988

2.4

In the same procedure as explained in section 1-4 of chapter 3, PeakFit software © was
used on the histograms by fitting a Lognormal 4-parameter (amplitude) curve on all
samples. The results of particle size distribution with the obtained lognormal fit for silica,
alumina and magnesia composites in different weight fractions are presented in Figure
4-16, Figure 4-17 and Figure 4-18, respectively. Table 4-4 also summarizes the
lognormal fitting parameters obtained for all composite samples with different type of
metal-oxide. The results clearly show best dispersion quality in case of alumina/PVDF
nanocomposites. Magnesia and silica showed aggregation in submicron range which
became much worse in case of magnesia in higher weight fractions.
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(a)

(b)

(c)
Figure 4-16- Particle size distribution data for silica/PVDF nanocomposites in different weight fractions of
silica (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained by lognormal 4parameter area fitting using PeakFit software.
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(a)

(b)

(c)
Figure 4-17- Particle size distribution data for alumina/PVDF nanocomposites in different weight fractions
of alumina (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained by lognormal
4-parameter area fitting using PeakFit software.
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(a)

(b)

(c)

Figure 4-18- Particle size distribution data for magnesia/PVDF nanocomposites in different weight
fractions of magnesia (a) 5wt% (b) 10wt% and (c) 20wt% along with lognormal fitting curve obtained by
lognormal 4-parameter area fitting using PeakFit software.
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Table 4-4-Lognormal Fitting parameters for the main peak, the peak with the highest amplitude, for PVDF
based composites with different type of metal-oxide particles in different weight fractions.
Asymmetry
Center (nm)

FWHM

at Half

(Lognormal Mean)

(nm)

Maxima

5wt% Titania/PVDF

125

162

1.3

10wt% Titania/PVDF

312

500

1.8

20wt% Titania/PVDF

4008

2165

0.2

5wt% Silica/PVDF

126

157

1.3

10wt% Silica/PVDF

303

336

1.2

20wt% Silica/PVDF

540

659

1.5

5wt% Alumina/PVDF

30

32

1.3

10wt% Alumina/PVDF

34

23

1.1

20wt% Alumina/PVDF

65

18

1.1

5wt% Magnesia/PVDF

338

511

1.6

10wt% Magnesia /PVDF

454

463

12.2

20wt% Magnesia/PVDF

638

973

1.75

(nm)

The surface area to unit volume of nanoparticles in contact with polymer matrix (S) can
be calculated by equation (4-7):

𝑆=

!!!

(4-7)

!

Where, vf is volume fraction of nanoparticles in nanocomposite and d is average particle
size. The values of S were calculated for different nanocomposite samples by using
arithmetic mean values of Table 4-3, or lognormal mean of Table 4-4 as d values in
equation (4-7). By multiplying the amount of adsorbed water, in either physisorbed or
chemisorbed forms presented in Table 4-2, by surface area to unit volume of
nanoparticles (S) for each composite sample, the weight fraction of adsorbed water at the
interface per unit volume is estimated, as presented in equation (4-8):

𝑤𝑓(!") . 𝑆     =

! !"!" % !!
!
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(4-8)

Where wtOH% is the weight fraction of physisorbed or chemisorbed water obtained from
TGA experiment (Table 4-2 in section 2-2); vf is volume fraction of nanoparticle in
nanocomposite and d is average aggregate size in nanocomposite as the arithmetic mean
in Table 4-3 or lognormal mean of Table 4-4. Figure shows variation of wf(OH).S
parameter for both physisorbed as wells chemisorbed water in different metal-oxides in
this study as a function of volume fraction of nanoparticle in the composite sample. The
difference in the amount of physisorbed as well as chemisorbed water at the interfaces of
nanoparticles with polymer matrix is mostly manifested with significantly higher amount
of physisorbed and chemisorbed water on the surface of alumina. The amount of
physisorbed and chemisorbed water at interface per unit volume was almost in the range
for silica, titania and magnesia samples and much lower than alumina. The other
interesting observation was the low amount of chemisorbed water at the interface of
magnesia/PVDF composite. Even though, the surface hydroxyl groups on the surface of
magnesia was almost as high as alumina measured by TGA/MS experiment and
presented in Table 4-2, because of low surface to volume ratio in magnesia/PVDF
composite samples, due to highly aggregated particles and poor dispersion, the amount of
hydroxyl groups at the interface of magnesia/PVDF composites became significantly
lower than alumina/PVDF nanocomposites. From Figure 4-19 it is concluded that among
all nanoparticle types in this study, alumina showed the highest amount and relatively
more significant physisorbed water as well as hydroxyl groups at the interface of particle
and polymer phases.
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Figure 4-19- Estimation of weight fraction of physisorbed and chemisorbed water at particle-polymer
interface per unit volume of sample as a function of nanoparticle volume fraction (a) based on arithmetic
mean and (b) lognormal mean.

4-2-3 FTIR spectroscopy of nanocomposites with different particle types
FTIR spectra of different metal oxides in PVDF composites at 20wt% of metal oxide, is
shown in Figure 4-20. α-phase was recognized at: 530, 614, 764, 795, 855, 976 cm-1 as
the dominant crystalline phase in all nanocomposites. The type of the particle did not
alter the crystalline phase of PVDF matrix. Furthermore, nanocomposites with 5wt% and
10wt% also showed similar behavior containing dominantly α-phase PVDF.
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Figure 4-20- FTIR-ATR spectra for 20wt% of PVDF based nanocomposites with different particle types

4-2-4 DSC of nanocomposites with different particle types
The DSC results of nanocomposites containing different types of nanoparticle are
presented in Table 4-5. Except the case of magnesia/PVDF nanocomposites, other
nanocomposite samples showed a similar decrease in percent crystallinity by going to
higher weight fractions of nanoparticles. Magnesia showed a slight increase in percent
crystallinity after 10wt% and the trend continued by going to 20wt%.
Table 4-5-Percent crystallinity as well as Melting Temperature, Tm (C) and crystallization temperature, Tc
(C) obtained from DSC experiment on PVDF based nanocomposites with different nanoparticle types and
weight fraction (%). The results are average of three samples tested by DSC instrument. (The weight of the
samples was kept in range of 5±0.5 mg. The standard deviation for Tm and Tc for all nanocomposites
samples was obtained below 1°C)
Percent Crystallinity

Melting Temperature

Crystallization

(X%)

(Tm)

Temperature (Tc)

Pure PVDF

46±2

159

132

5wt% Titania/PVDF

46±2

159

135

10wt% Titania/PVDF

43±2

159

135

20wt% Titania/PVDF

40±3

158

134

5wt% Silica/PVDF

40±1

157

134

10wt% Silica/PVDF

39±1

157

134

20wt% Silica/PVDF

37±1

157

133

5wt% Alumina/PVDF

43±1

158

135

134

10wt% Alumina/PVDF

40±1

160

136

20wt% Alumina/PVDF

40±3

158

134

5wt% Magnesia/PVDF

39±3

158

132

10wt% Magnesia /PVDF

44±2

158

133

20wt% Magnesia/PVDF

44±1

160

133

4-2-5 Dielectric permittivity results
The dielectric permittivity and loss factor of silica/PVDF composites are shown in Figure
4-21 as a function of volume fraction of nanoparticles. Dielectric permittivity of
composites decreased in small weight fractions of silica. This could be explained by
lower dielectric permittivity of silica versus PVDF matrix. In higher weight fractions due
to higher interfacial polarization dielectric permittivity increases. The other reason of
increase in dielectric permittivity of silica could be lower percent crystallinity of PVDF
in higher wt% of silica represented in table by DSC results. Silica nanoparticles interfere
with PVDF chains at the time of crystallization and inhibit an ideal crystallization process
and therefore decrease percent crystallinity of PVDF. Lower percent crystallinity could
lead to higher contribution to dielectric permittivity by higher amount of amorphous areas
with free dipolar orientation at the time of an applied electric field. This hypothesis was
confirmed by a control test on the effect of percent crystallinity of PVDF on final
dielectric properties. The detail of this experiment is presented in Annex A of this
dissertation. Loss factor of silica/PVDF samples shows almost a constant behavior with a
slight increase by going to higher volume fractions. This could be explained by presence
of more ionic charge carriers in the particle phase by going to higher volume fractions.
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Figure 4-21- Dielectric permittivity and loss factor (at 1 kHz) for silica/PVDF nanocomposites as a
function of silica volume fraction. Lines are added to show the trend.

Dielectric permittivity and loss factor of alumina/PVDF composites samples are shown in
Figure 4-22 as a function of volume fraction of nanoparticles. Even though, dielectric
constant of alumina (ε=9.5) is very close to dielectric constant of PVDF (ε=8), a
significant improvement was observed by going from pure PVDF to higher weight
fractions of alumina in PVDF nanocomposites. Also, loss factor experienced a steady
increase by going to higher volume fractions of alumina. Considering good dispersion of
alumina nanoparticles in the matrix and high interfacial surface area between alumina and
PVDF, the reason of improvement could be related to interfacial polarization in the
interface. However, interfacial polarization theoretically requires high contrast in
dielectric permittivity and electrical conductivity values between the two adjacent phases.
In this case, alumina and PVDF both possess the same dielectric permittivity. Electrical
conductivity of both phases is also very low (below 10-14 S) and they are both considered
as highly insulator materials. Hence the reason of increase in dielectric permittivity could
be related to surface properties of alumina nanoparticles.
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Figure 4-22- Dielectric permittivity and loss factor (at 1 kHz) for alumina/PVDF nanocomposites as a
function of alumina volume fraction. Lines are added to show the trend.

By reviewing Table 4-2 and Figure 4-4, it is noted that the amounts of physisorbed as
well as chemically adsorbed water on the surface of alumina are significantly high.
Furthermore, the estimation of weight fraction of physisorbed and chemisorbed water at
the interface of particle and polymer phases per unit volume of composite in Figure 4-19
also showed that the surface water and hydroxyl group concentrations are relatively
higher in the interface of alumina/PVDF nanocomposites. Therefore it is surmised that
the reason of jump in dielectric permittivity could be as a result of dipolar orientations of
physisorbed water at the interface of alumina with PVDF. In order to validate this
hypothesis, the effect of moisture on dielectric permittivity of pure PVDF sample was
investigated through a control experiment. The detail of this experiment and the result of
dielectric permittivity as a function of frequency are presented in Annex B of this
dissertation. The control moisture experiment showed that absorption of moisture by
PVDF film increases dielectric loss factor at frequencies below 1 kHz. The dielectric
permittivity showed no increase in frequency range of 1 kHz to 1 MHz. The dielectric
permittivity showed a steeper slope and frequencies below 1 kHz and in frequencies
below 100 Hz an increase in dielectric permittivity was observed. The control test on the
effect of moisture on dielectric behavior of PVDF suggested that, physisorbed water
could not be the only reason, if not at all, of increase in dielectric permittivity of
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Alumina/PVDF nanocomposites. Therefore, presence of chemisorbed hydroxyl groups on
the surface was also considered as the underlying reason on improvements in dielectric
permittivity of PVDF. The chemical interactions of chemically adsorbed hydroxyl groups
on the surface of alumina with C-F bond in PVDF could happens in the form of hydrogen
bonding and hence gives rise to dipolar interaction at the interface. This behavior is
depicted in Figure 4-23. Validation of this hypothesis is tested and discussed in the
following sections of this chapter.
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Figure 4-23- Dipolar interactions between hydroxyl groups on the surface of alumina nanoparticles and
carbon-fluorine bonds from PVDF adjacent chains, through hydrogen bonding; as the hypothesis on
influence on dielectric properties.

Dielectric permittivity and loss factor of magnesia/PVDF composites samples are shown
in Figure 4-24 as a function of volume fraction of magnesia. Magnesia possesses almost
similar dielectric constant as PVDF and alumina. Moreover, the surface of magnesia
contains similar amount of hydroxyl groups as alumina surface, as verified with TGA
experiments in section 4-1 and presented in Table 4-2. However, dielectric permittivity of
PVDF did not significantly changed by addition of different wt% of magnesia. Except
5wt% (2.5vol%) that showed a marginal improvement, considering high standard
deviation, other wt% showed almost the same dielectric permittivity as pure PVDF case.
By reviewing SEM images in section 2-1 of this chapter as well as the results of particle
size distribution in Table 4-3, Table 4-4 and Figure 4-18, it was concluded that
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magnesia/PVDF composites contained micron-sized aggregates similar to titania and
silica samples. High average aggregate size in magnesia could result in relatively low
interfacial area between magnesia and PVDF. Therefore, even though the concentration
of chemisorbed water (hydroxyl groups) on the surface of magnesia was comparable with
alumina, lower specific surface area in magnesia could lead to significantly lower density
of hydroxyl group at the interphase of magnesia and PVDF. This phenomenon could also
be seen in Figure 4-19, where the surface concentration of physisorbed as well as
chemisorbed water at the interface of magnesia and PVDF phases showed relatively
lower values compared to alumina phase. This behavior could explain the difference
between dielectric behavior of alumina/PVDF and magnesia/PVDF samples. While in
alumina/PVDF sample the interphase was relatively highly concentrated with
physisorbed and chemisorbed water, in magnesia/PVDF, despite having the same amount
of chemisorbed water as alumina, due to much higher aggregate size, this effect was
suppressed and therefore dielectric permittivity of magnesia/PVDF could not show the
same improvement as it was observed in case of alumina/PVDF.

Figure 4-24- Dielectric permittivity and loss factor (at 1 kHz) for magnesia/PVDF nanocomposites as a
function of magnesia volume fraction. Lines are added to show the trend.
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Figure 4-25 shows dielectric behavior of titania/PVDF composites. This behavior is
explained more in detail in chapter 3 and Figure 4-25 is presented here for the sake of
comparison with dielectric behavior of other types of metal-oxides.

Figure 4-25- Dielectric permittivity and loss factor (at 1 kHz) for titania/PVDF nanocomposites as a
function of titania volume fraction. Lines are added to show the trend.

4-2-6 DC Dielectric breakdown
DC dielectric breakdown results for silica, alumina and magnesia nanoparticles in PVDF,
as a function of particle weight fraction, are shown in Figure 4-26, Figure 4-27 and
Figure 4-28, respectively. DC dielectric breakdown generally decreases by going from
pure PVDF to higher weight fraction of nanoparticles. Alumina/PVDF nanocomposite
showed highest drop in DC dielectric breakdown. It is believed the reason of higher drop
in alumina case is lower dielectric breakdown of alumina nanoparticles acting as centers
of defects that help electrons flow by hopping from one alumina aggregate to the other.
On the other hand magnesia/PVDF nanocomposites showed lowest drop in breakdown
values. Other researchers including Murakami et al. have also reported high dielectric
breakdown of magnesia nanocomposites [36]. They attributed higher dielectric
breakdown of nanocomposites to lower volume resistivity due to charge trapping role of
MgO nanoparticles.
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Figure 4-26- Weibull cumulative failure probability of DC dielectric breakdown for silica/PVDF
nanocomposites

Figure 4-27- Weibull cumulative failure probability of DC dielectric breakdown for alumina/PVDF
nanocomposites
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Figure 4-28- Weibull cumulative failure probability of DC dielectric breakdown for magnesia/PVDF
nanocomposites

Table 4-6- Summary of dielectric properties of composites of different nanoparticles in PVDF
Maximum
Sample

Sample

Electrical

Shape

thickness

breakdown

factor

(µm)

(MV/m)

(β)

ε'

Tan delta

(1kHz)

(1kHz)

allowable
energy
density
(J/cc)

Pure PVDF

38±2.5

446

6.3

9.4±0.2

0.01

8.2

5wt% Titania/PVDF

39±2.1

404

6

10.2±0.4

0.02

7.4

10wt% Titania/PVDF

43±2.8

363

7

10.1±0.2

0.02

5.9

20wt% Titania/PVDF

35±1.3

212

14

12.2±0.3

0.03

2.4

5wt% Silica/PVDF

36±2.1

350

9.4

9.3±0.4

0.02

5.1

10wt% Silica/PVDF

33±2.8

421

11.3

9.4±0.6

0.02

7.4

20wt% Silica/PVDF

35±2.4

277

10

10.7±0.3

0.02

3.6

5wt% Alumina/PVDF

43±1.6

236

9.5

11.4±0.6

0.02

2.8

10wt% Alumina/PVDF

43±2

211

10.5

11.3±0.7

0.02

2.2

20wt% Alumina/PVDF

62±5

124.5

5

11.5±0.1

0.03

0.8

5wt% Magnesia/PVDF

30±1.6

465

6.1

10.8±0.9

0.01

10.3

10wt% Magnesia/PVDF

25±1.8

363

10.2

9.7±0.8

0.02

5.6

20wt% Magnesia/PVDF

30±2.2

320

13.6

9.9±0.3

0.03

4.5
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4-3 Effect of surface dehydration on Alumina/PVDF nanocomposites
In order to further investigate the effect of physisorbed as well as chemisorbed water on
dielectric properties, alumina nanoparticles with highest amount of physisorbed as well as
chemisorbed water on the surface among all nanoparticles were chosen based on Table
4-2 for further investigation of surface properties. Alumina nanoparticles then were
subjected to a dehydration procedure, where they were placed in a vacuum oven at 200°C
for 48hrs under high vacuum. This procedure was adopted based on Guo et al [134]. This
process was intended to remove physisorbed water from the surface of alumina, to be
able to have a better understanding on the effect of chemisorbed hydroxyl groups on the
dielectric properties. The results are presented in the following, starting by TGA
experiment on the effectiveness of surface dehydration process of alumina nanoparticles.

4-3-1 Dehydration of Alumina surface
The result of TGA/Mass spec on dehydrated alumina is presented in Figure 4-29. The
weight loss behavior of dehydrated alumina besides the small peak in the mass
spectrometer profile in low temperatures confirmed that surface dehydration process
effectively reduced the amount of physisorbed water down to 1wt%. Figure 4-30 shows a
comparison between TGA weight loss between as-received alumina nanoparticles as well
as dehydrated alumina nanoparticles. Guo et al. also reported on similar surface
dehydration of alumina nanoparticles after heat treatment under vacuum [134].
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Figure 4-29- Thermo-gravimetric analysis coupled with mass spectrometer data for dehydrated alumina
nanoparticles by 48hrs of thermal annealing at 200°C under vacuum.

Figure 4-30- weight loss (%) as a function of temperature from TGA experiment: Comparison between asreceived alumina and dehydrated alumina (by 48hrs of thermal annealing at 200°C under vacuum).

Figure 4-31 compares FTIR-ATR spectrum of dehydrated alumina sample with asreceived alumina. As it is seen in the Figure 4-31, peaks related to molecular water and
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broad hydroxyl band are suppressed in dehydrated sample, verifying the effect of
dehydration on alumina nano-powder after heat treatment.

Figure 4-31- FTIR-ATR of as-received and dehydrated alumina. The intensity reflectance on y-axis is in
arbitrary value as a function of wavenumber (cm-1)

BET measurements were also performed after dehydration process to analyze the effect
of heat treatment on specific surface area and average particle size (estimated spherical
diameter, ESD) of alumina in the powder form. The results are presented in Table 4-7.
The SSA decreased from 133 m2/gr for as-received alumina sample to 88 m2/gr for
dehydrated alumina sample. Subsequently, the ESD calculated by equation (4-1)
increased from 11 nm for as-received alumina to 17 nm for dehydrated alumina. The
reason of this slight aggregation could be explained by particle-particle bridging
phenomenon happening at the time of dehydration [135]. Thermal and simultaneous
vacuum treatment not only removes some physisorbed water, but also it facilitates
oxygen-bridging effect between two adjacent particles. The oxygen bridging effect
covalently attaches adjacent particles together, decreases specific surface area and hence
increases estimated spherical diameter (ESD). This behavior is shown in Figure 4-32
[135].
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Figure 4-32- Schematic of oxygen bridging happening at dehydration process of alumina under thermal
treatment [135].

Particle size analysis of dehydrated Alumina in DMAc also showed slight increase in
average aggregate size after dehydration process. The results are also presented in Table
4-7. The increase in average aggregate size in DMAc solvent was also in agreement with
BET measurements and is explained by oxygen bridging effect and aggregation
phenomena after heat treatment process.
Table 4-7- BET specific surface area, average particle size calculated by equation (4-1) and z-average
particle size in DMAc in colloidal state for as-received and dehydrated alumina.

2

As-received alumina

Dehydrated alumina

SSA from B.E.T measurements at MCL, PSU (m /gr)

133

88

Estimated Spherical Diameter (ESD) calculated from BET (nm)

11

17

z-average in DMAc (1 wt%) (nm) (DLS)

390±310

420±320

4-3-2 Dehydrated alumina/PVDF nanocomposites
Table 4-8 presents percent crystallinity of dehydrated alumina/PVDF nanocomposites,
measured by DSC measurements. Dehydrated alumina samples showed slightly higher
percent crystallinity than as-received alumina samples. The DSC thermographs of
dehydrated alumina/PVDF nanocomposites are also presented in Figure 4-33. By
comparing dehydrated alumina/PVDF nanocomposites with pure PVDF sample, a second
melting peak was spotted at temperature 172°C for 5wt% dehydrated alumina/PVDF
nanocomposites, along with the small peak at 159°C similar to the original peak observed
in pure PVDF sample. By going to higher weight fractions of dehydrated alumina/PVDF
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nanocomposites the ratio of the second peak to the first peak decreased and finally the
second peak completely vanished at 30wt% dehydrated alumina/PVDF nanocomposites.
Some researchers have attributed the existence of the second peak to γ-phase PVDF
crystals [136].
Table 4-8- Comparison between percent crystallinity for PVDF nanocomposites with as-received and
dehydrated alumina, obtained by DSC measurements.
Percent Crystallinity
(X%)
Pure PVDF

46±2

5wt% Alumina/PVDF

43±1

10wt% Alumina/PVDF

40±1

20wt% Alumina/PVDF

40±3

5wt% (dehydrated)Alumina/PVDF

47±2

10wt% (dehydrated)Alumina/PVDF

45±2

20wt% (dehydrated)Alumina/PVDF

42±2

Figure 4-33- DSC thermographs of dehydrated alumina/PVDF nanocomposites. Heat flow as an arbitrary
value is plotted as a function of temperature.

In order to confirm the existence of γ-phase as the reason of presence of second melting
peak in dehydrated alumina/PVDF nanocomposites, FTIR-ATR analysis of dehydrated
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alumina/PVDF nanocomposites was performed on all dehydrated alumina/PVDF
nanocomposites samples. The FTIR-ATR results are presented in Figure 4-34. By
comparing FTIR results of pure PVDF with 5wt% dehydrated alumina/PVDF
nanocomposite, the α-phase peaks at: 530, 614, 763, 795 and 976 cm-1 almost disappear
in 5wt% dehydrated alumina/PVDF nanocomposite. On the other hand, γ-phase peaks at
833 and 1234 cm-1 intensify in 5wt% dehydrated alumina/PVDF nanocomposite. By
going to higher wt% of dehydrated alumina/PVDF nanocomposites, the intensity of γphase peaks decreases while the intensity of α-phase peaks increases. Therefore it is
concluded that the initial addition of dehydrated alumina alters crystalline phase of pure
PVDF to γ-phase, however, more addition of dehydrated alumina causes a decrease in
fraction of γ-phase and an increase of fraction of original α-phase in the nanocompsites.

Figure 4-34- FTIR-ATR spectra of dehydrated alumina/PVDF nanocomposites. Intensity reflectance in
arbitrary unit is plotted as a function of wave number (cm-1)

FE-SEM images of fractured surface of dehydrated alumina/PVDF nanocomposites are
shown in Figure 4-35 for different weight fractions. In lower weight fractions most of
aggregates were in the submicron range and similar to as-received alumina/PVDF
samples. In higher weight fractions, micron sized aggregates were found in the FESEM
images as seen in Figure 4-35-(c). The higher aggregates size in SEM images of
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dehydrated alumina/PVDF was still in agreement with the result of BET measurements as
well as particle size analysis of dehydrated alumina in DMAc.

(a)!

(b)!

(c)!

Figure 4-35- FE-SEM of cross-section of nanocomposite films fractured in liquid nitrogen for (a) 5wt% (b)
10wt% and (c) 20wt% of dehydrated alumina in PVDF in magnifications of approximately 20,000.

Figure 4-36 compares dielectric permittivity and loss factor of dehydrated alumina/PVDF
with as-received alumina/PVDF samples measured at 1 kHz as a function of volume
fraction of alumina. The increasing trend of dielectric permittivity after addition of
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alumina to PVDF showed quite similar behavior for as-received alumina as well as
dehydrated alumina in PVDF. The increase in loss factor showed the same trend in both
as-received as well as dehydrated sample, however, as expected, due to higher amount of
physisorbed water, as-received alumina had slightly higher loss factor in all volume
fractions. The increasing trend of dielectric permittivity of dehydrated alumina could also
verify that the reason of improvements of dielectric permittivity of PVDF after addition
of as-received alumina could not be physisorbed water and it could be correlated to the
presence of chemisorbed hydroxyl groups on the surface of alumina. By removing
physisorbed water and leaving chemisorbed water in contact with PVDF chains in
dehydrated alumina/PVDF samples, the improvement in dielectric permittivity was
repeated with a smoother increasing trend by going to higher volume fractions.
It is worth to consider that PVDF crystalline phase in dehydrated alumina/PVDF
nanocomposites could also have played a role in increasing trend of dielectric
permittivity observed in Figure 4-36. As discussed in the earlier paragraphs of this
section, DSC experiments along with FTIR spectroscopy showed presence of γ-phase in
dehydrated alumina/PVDF samples in which by going to higher weight fractions was
replaced by dominantly gamma phase. To be able to compare the dielectric permittivity
of γ-phase with α-phase PVDF, a control test was performed on the comparison between
dielectric permittivity of pure PVDF in γ-phase versus α-phase. The results of this control
test are presented in Annex A of this dissertation. Based on the results of Annex A, the γphase PVDF showed lower dielectric permittivity than α-phase, although γ-phase has
more polar structure than α-phase PVDF due to tttg+tttg- chain conformation as opposed
to tg+tg- in α-phase. The reason of lower dielectric permittivity of γ-phase could be
smaller and irregular crystalline domains as well as higher percent crystallinity and the
processing method. Therefore, by going back to dielectric permittivity results of
dehydrated alumina/PVDF nanocomposites, decreasing ratio of γ-phase to α-phase by
going to 5wt% to 30wt% alumina in PVDF could be noted as one of the reasons of
increase in dielectric permittivity. However, as-received alumina/PVDF, as described in
section 2-3 of this chapter showed dominantly α-phase PVDF in all weight fractions an
yet the same increasing trend was observed in dielectric permittivity as a function of
volume fraction of alumina nanoparticles. Therefore, it is surmised that the increase in
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dielectric permittivity could also have resulted from interfacial effects at alumina/PVDF
interface.

Figure 4-36- Dielectric permittivity and loss factor (at 1 kHz) for alumina/PVDF nanocomposites as a
function of volume fraction of alumina: A comparison between dehydrated alumina versus as-received
alumina in PVDF. Lines are added to show the trend.

In Figure 4-37 dielectric permittivity of dehydrated alumina/PVDF nanocomposites at 1
kHz is presented as a function of alumina volume fraction. The horizontal dashed-line
shows the values of upper-band mixture law for comparison. The upper-band mixture law
is the highest prediction that a dielectric model based effective media theory can predict.
However, because of the similar values of dielectric permittivity for both PVDF and
alumina, upper-band mixture law gives an almost straight line in all volume fractions.
The blue dashed-line with corresponding values presented on secondary y-axis is
representative of specific area in unit volume of interface of alumina/PVDF
nanocomposites that shows a similar increasing trend as dielectric the trend observed in
dielectric permittivity values. Considering similar trend in interface surface area and
dielectric permittivity, along with the fact that the improvement could not have caused
with presence of a particulate phase with higher dielectric permittivity, as presented by
mixture law, it could be concluded that an interfacial effect at interface of alumina and
PVDF is the reason of improvement in dielectric permittivity values.

151

Figure 4-37- Dielectric permittivity (at 1 kHz) in primary y-axis for dehydrated alumina/PVDF
nanocomposites as a function of volume fraction of dehydrated alumina. A comparison is made between
upper-band mixture as gray horizontal dashed-line and experimental values. Also, the surface area in unit
volume of interface between alumina and PVDF is presented as blue dashed line with the corresponding
values on secondary y-axis.

Figure 4-38 and shows dielectric breakdown behavior of dehydrated alumina/PVDF
nanocomposites along with as-received alumina in PVDF in different weight fractions.
The same behavior was observed in dielectric breakdown trend for dehydrated
alumina/PVDF nanocomposites, denoting that dehydration process does not have any
effect on breakdown mechanism of alumina/PVDF nanocomposites. This can be
explained by the fact that physisorbed water molecules at the interface are mostly bound
to the surface of alumina by hydrogen bonding with chemisorbed surface hydroxyl
groups and hence do not contribute in high voltage breakdown mechanism of
alumina/PVDF nanocomposites. This behavior further proves that the breakdown
mechanism in alumina/PVDF nanocomposites is mostly driven by defects and centers of
highly concentrated electric field at alumina nanoparticles and aggregates and not by
small molecules such as water. This could also be explained by significantly lower
breakdown strength of alumina as presented in chapter 1.
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Figure 4-38- DC dielectric breakdown in forms of Weibull cumulative failure probability for
alumina/PVDF nanocomposites in difference weight fractions. A comparison between dehydrated alumina
and as-received alumina in PVDF

Table 4-9 also shows the summary of dielectric properties of alumina/PVDF
nanocomposites for both as-received and dehydrated alumina in PVDF. The overall trend
for dielectric breakdown was the same in both cases, where by going to higher weight
fractions the DC breakdown strength significantly decreased. The decrease in DC
breakdown, in turn, resulted in lower maximum allowable energy density in both asreceived and dehydrated samples. It is noteworthy to mention that shape factor values
showed improvements in case of dehydrated alumina/PVDF samples, where elimination
of surface water could lead to more reliable capacitors in terms of design liability.
Table 4-9- Summary of dielectric properties for alumina/PVDF nanocomposites. A comparison between
dehydrated and as-received alumina in PVDF

Sample

Sample

Electrical

Shape

thickness

breakdown

factor

(µm)

(MV/m)

(β)
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Maximum
ε'

Tan delta

allowable

(1kHz)

(1kHz)

energy
density

(J/cc)

Pure PVDF

38±2.5

446

6.3

9.4±0.2

0.014

8.2

5wt% (as-received) Alumina/PVDF

43±1.6

236

9.5

11.4±0.6

0.02

2.8

10wt% (as-received) Alumina/PVDF

43±2

211

10.5

11.3±0.7

0.02

2.2

20wt% (as-received) Alumina/PVDF

62±5

124.5

5

11.5±0.1

0.03

0.8

5wt% (dehydrated) Alumina/PVDF

44±2.2

223

16

10.6±0.8

0.02

2.3

10wt% (dehydrated) Magnesia/PVDF

52±1.8

207

11

11.4±0.5

0.02

2.2

20wt% (dehydrated) Magnesia/PVDF

59±2.4

134

13

12.4±0.5

0.03

1.0
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Chapter 5 Conclusion and future work
5-1 Conclusion
Dielectric polymer nanocomposites have emerged as promising candidates for higher
improvements in stored energy density through utilizing high interfacial area between the
two phases as the dominant factor in determining final dielectric properties. An in-depth
review of the research done in this area reveals the need for further investigations, mostly
because of conflicting trends seen in final effective dielectric permittivity. The conflicting
results to date are due to several factors, including but not limited to: 1- the challenge of
dispersion in contrast to difficulty in achieving a truly nano-dispersed system due to
aggregation of nanoparticles; 2- role of physiochemical interactions at interface on final
dielectric properties.
The challenge of dispersion mostly arises from high surface tension of nanoparticles and
their strong affinity to aggregation. This makes it very difficult to achieve nano-dispersed
composite systems with an average particle size below 100nm which is a necessary step
to achieve a genuine nanocomposite system. The inability to achieve a truly nanodispersed composite system, furthermore, obscures the significance and role of any
effective interfacial phenomena and makes it difficult to study the effect of interface on
final dielectric properties. Therefore, the first and primary goal of this research is
introducing effective dispersion strategies in order to make it possible to study the effect
of interfacial phenomena on final dielectric properties of genuine nanocomposite
systems. This goal has been addressed by effective silane functionalization of titania
nanoparticles used to prepare nanodispered titania in PVDF polymer matrix. Two
different silane-coupling agents, namely, APS and FHES, were chosen and their
effectiveness on the final dispersion of titania in PVDF was tested and characterized.
APS, or g-aminopropyltriethoxysilane, was chosen because of similar surface tension
value as PVDF matrix. FHES, or nanofluorohexyltriethoxysilane, was chosen because of
having a fluorinated tail and similar chemical structure as PVDF matrix. The result of
dispersion of functionalized titania with silane coupling agents compared to untreated
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titania in PVDF matrix showed the most effective dispersion system could be achieved
by FHES silane coupling agent. The FHES-treated titania showed uniform nanodispersed morphology in PVDF with an average aggregate size below 100nm for up to 20
weight fraction loading. FHES-treated titania/PVDF nanocomposites also showed higher
dielectric permittivity than APS-treated and untreated titania/PVDF composites for 5 and
10wt% of titania due to better dispersion and higher interfacial area, most likely as a
result of contribution of interfacial polarization to the final dielectric permittivity. DC
dielectric breakdown of silane treated titania/PVDF composites did not show any
dependency on the type of silane treatments nor on the average aggregate size. DC
dielectric breakdown of all titania/PVDF nanocomposites, regardless of the type of silane
treatment, showed a decrease in value by going to higher weight fractions.
In the next part of this research in-situ and ex-situ processing of titania in PVDF matrix
were introduced as an alternative yet effective processing route to address the challenge
of dispersion and achieve a truly nano-dispersed system. In-situ synthesis of titania
nanoparticles in PVDF matrix resulted in uniform nanodispersion of titania in PVDF.
Dielectric permittivity of in-situ sample showed 30% improvement at 1 kHz compared to
commercial titania/PVDF sample with the same weight fraction of particulate phase.
However, high dielectric loss, due to ionic impurities and residues from the sol-gel
process were seen, which would impose limitations on the operational use of in-situ
technique in dielectric applications. Therefore, ex-situ technique was introduced to
synthesize titania nanoparticles separately in aqueous solution and then effectively
incorporate them into PVDF matrix after removing the ionic impurities, while avoiding
aggregation. Ex-situ titania/PVDF sample showed nonoscale dispersion of titania in
PVDF, improvements in dielectric permittivity with no detrimental effect on dielectric
loss and DC dielectric breakdown. The maximum allowable energy density calculated for
ex-situ sample also showed 20% improvement compared to pure PVDF and 30%
improvement compared to its commercial titania/PVDF counterpart. In conclusion, exsitu technique showed promising in gaining higher dielectric permittivity and elastic
energy density while keeping dielectric loss and DC dielectric breakdown in the original
level. Noteworthy, ex-situ processing came with the disadvantage of long processing
times and tedious lab work.
156

The second goal of this research was to understand the role of physiochemical
interactions at particle/polymer interface on the final dielectric properties of PVDF based
dielectric nanocomposite. These surface interactions, usually neglected in the bulk scale,
can become significant at the nano-scale due to the exponential rise in the volume ratio of
interphase to the total volume of nanocomposite. The nature and the role of the interface
in final dielectric behavior of the system depend on physical, chemical and surface
properties of each phase and their interactions with the adjacent phase. Different types of
nanoparticles, namely, silica, titania, alumina and magnesia were considered to the
research in order to bring a variety of particles, with different surface properties, in
contact with PVDF and hence study the effect of interactions at interface on the final
dielectric properties. TGA/MS experiments on as-received nanoparticles showed
relatively higher water adsorption on alumina and magnesia nanoparticles compared to
silica and titania nanoparticles. The water adsorption behavior specifically was mostly a
chemisorbed water layer on the surface of magnesia in form of hydroxyl groups, but in
alumina both chemisorbed water and physisorbed water in form of a water surface
hydration by hydrogen bonded water molecules on the surface of alumina were observed.
The surface charge behavior of different metal-oxide particles was successfully
characterized using zeta potential and particle size analysis experiments in the aqueous
suspension. The results confirmed highly acidic and negatively charged surface in case of
silica nanoparticles in neutral solution pH. Titania and alumina nanoparticles showed a
subtle acidic and basic behavior in neutral solution pH, respectively. On the other hand,
magnesia showed a highly basic and positively charged surface in the aqueous solution.
In order to expand our perspective on understanding of the surface charge behavior of
different nanoparticle types in PVDF organic solvent, DMAc, zeta potential
measurements were performed in colloidal samples of dispersed nanoparticles in DMAc.
However, our attempt to study the surface charge behavior of metal-oxides in PVDF
organic solvent, DMAc, was not successful and ended up in scattered zeta potential data
with no reliable and repeatable trend. The result of our first attempt in zeta potential
measurements of different metal-oxides in DMAc is shown in Figure 4-12. One of the
reasons of high fluctuations and non-repeatability of the experiment was the inability to
adjust the solution pH in a reliable procedure with good repeatability. Since the solvent
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was organic, but the pH-meter electrode was a standard aqueous based electrode, the
solution pH always highly fluctuated and was not stabilized properly. The zeta potential
measurements of different nanoparticles in organic solvents of interest could be followed,
in the future work, as in interesting path to gain better understanding on charge behavior
of different nanoparticle types in organic media and hence help to achieve valuable
knowledge on final dispersion behavior of nanoparticles in organic solvents such as
DMAc. Suggestions are given in the future work section on improving the reliability of zpotential measurements in organic solvents such as DMAc.
The dielectric behavior of different nanoparticle types was correlated with the knowledge
learnt from the surface study of nanoparticles and is summarized as the following. In
titania/PVDF composites, the system showed micron size aggregation and dielectric
properties improved in all wt% of titania under study. This behavior was also predicted
by effective media models, such as Maxwell-Garnet up to 10wt% and was mainly
governed by having titania phase with 5-10 times higher dielectric constant as PVDF
phase. In case of silica/PVDF, since dielectric constant of silica is 3 times lower than
dielectric constant of PVDF matrix, it was expected dielectric permittivity to decline by
addition of silica to PVDF matrix. This trend was observed in silica/PVDF by initial
addition of silica to PVDF up to 10vol%, however, by addition of more silica to PVDF,
the trend unexpectedly reversed and improvements in dielectric permittivity was
observed. It was assumed that higher amount of interfacial polarization in higher vol% of
silica/PVDF overcomes the negative trend predicted by the mixture law and makes a
measureable contribution to final dielectric permittivity of the system. Alumina
nanoparticles exhibited relatively higher amount of physisorbed and chemisorbed water
on the surface. Alumina also resulted in nanoscale dispersion in PVDF matrix. Dielectric
permittivity of alumina/PVDF nanocomposites, despite similar dielectric constant values
for both phases, showed higher improvements than other types of particles in PVDF. At
this point, it was surmised that high interfacial area in case of alumina/PVDF
nanocomposites as well as high concentration of physisorbed and chemisorbed water on
the surface of alumina give rise to interfacial polarization at interface via dipolar
interactions of adsorbed water (in physisorbed and chemisorbed forms) and PVDF chain
dipoles. To distinguish between the effect of physisorbed and chemisorbed water on
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dielectric properties of alumina/PVDF nanocomposite, alumina nanoparticles were
subjected to dehydration process at 200°C for 48hr under high vacuum. Dehydrated
alumina/PVDF samples also showed the same improvements in dielectric permittivity
verifying that the reason of improvement in dielectric permittivity could be hydroxyl
interactions at the surface of alumina and PVDF chains, such as dipolar interactions
between O-H bonds and C-F bonds. By comparing alumina/PVDF nanocomposites with
magnesia/PVDF nanocomposite and considering the fact that alumina and magnesia both
have similar dielectric constant values and amount of chemisorbed water on their surface,
it was concluded that the reason of higher improvements in dielectric permittivity in
alumina case is the nano-dispersion of alumina nanoparticles versus poor dispersion of
magnesia in PVDF. This comparison further confirms that to be able to observe and study
interfacial phenomenon in nanoscale, it is necessary to achieve nanoscale dispersion so
that the effect of interfacial phenomena could manifest itself in an effective measurable
material property such as dielectric permittivity. The dipolar interactions between
hydroxyl groups and carbon-fluorine bonds could still be present in case of
magnesia/PVDF, but low volume ratio of interface to total volume in magnesia/PVDF
due to high aggregate size, underrated the significance of this effect. In conclusion, the
behavior of alumina/PVDF verifies that a hydroxylated surface can be used to improve
dielectric permittivity of nanocomposite systems via interfacial polarization at interface.
This concept can be utilized on other dielectric nanoparticles especially with high
dielectric permittivity, such as BaTiO3 and SrTiO3, by hydroxylation of these
nanoparticles to further improve the dielectric permittivity of nanocomposites through a
combination of bulk and interface properties.

5-2 Future Work
As mention in the previous section, the surface charge behavior of different metal-oxide
particles was successfully characterized using zeta potential and particle size analysis
experiments in the aqueous suspension. However, our attempt to study the surface charge
behavior of metal-oxides in PVDF organic solvent, DMAc, was not successful; because
of difficulities in adjusting the solution pH and low ionic conductivity and strength if
DMAc and the organic medium. One of the possible ways of adjusting the solution pH
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could be using an organic based electrode for pH meter and following procedures
developed for non-aqueous solutions. Lower conductivity of DMAc compared to water
could be the other reason of non-reliable zeta potential measurements in DMAc.
Enhancing the DMAc solution conductivity using miscible solvents with higher electrical
conductivity, or increasing the ionic strength of the system by aids of soluble ionic salts
are among the possible routes to realizing zeta potential measurements in organic
solvents. The ability to study surface charge behavior of different metal-oxides in organic
media can potentially lead to a better understanding of the dispersion behavior of metaloxides in the organic solvent and subsequently in the polymer. Furthermore, it can also
provide useful knowledge on the effect of surface charge on dielectric behavior of such
systems.
Studying the surface tension of metal oxides powders could be another interesting route
to understand the dispersion behavior of metal-oxide nanopowders in organic solvents
and polymers. If the high interfacial tension between metal-oxide nanoparticle and PVDF
matrix is the main reason of aggregation and poor dispersion, then it stands to reason that
surface tension measurements on metal-oxides powders could lead to more understanding
on dispersion forces between nanoparticles and polymers. Our preliminary investigation
on the surface tension values of different metal-oxides from data available in the
literature resulted in finding close values between surface tension of alumina (in the
range of 29-39 Dyne/cm) in bulk and PVDF (33 Dyne/cm). Instead, other metal-oxides
such as silica (78 Dyne/cm) and titania (91 Dyne/cm) showed much larger surface
tension values. The higher difference in surface tension values of silica and titania with
PVDF could be the underlying reason of higher aggregation observed in these systems.
However, since the surface tension is a property of surface, it is strongly affected by
method of fabrication and storing condition of the material; therefore it is not trustworthy
to rely on literature values. Surface tension or energy of solids is conventionally
measured by contact angle measurements. Our initial attempt to measure the surface
tension of our powders, pressed in disk form, failed due to surface porosity and
immediate solvent absorption behavior. The option of particle sintering to remove
porosity was not tried due to possible surface chemistry alterations after sintering.
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Alternatively, other techniques have been developed solely to measure surface tension of
powders including thin-layer wicking and capillary tube techniques. In these techniques,
the wetting behavior of metal-oxide powder with the solvent of interest is investigated
and then converted to surface tension values. Developing a reliable procedure for
capillary tube measurements of surface tension of powders could be very helpful in
studying the surface tension of metal-oxide powders in different surface chemistries and
surface treatments.
Finally, another interesting problem to pursue in the future work of this research is
studying the triboelectric behavior of different metal oxides and their influence on
dielectric properties of PVDF based composite systems. Researchers in the field of
dielectric polymer nanocomposites, including Lewis [28], Tanaka [51] and smith [52]
have proposed that triboelectric charging between the particle phase and the polymer
phase can result in the formation of surface charge at the interface of particle and
polymer, similar to Gouy-chapman diffuse layer in ionic electrolytes. This charge
formation at interface could lead to a region of concentrated charge-counter charge pairs
that can actively participate in the effective dielectric behavior of the system. The nature,
sign and magnitude of triboelectric charging would be influential on the impact on
dielectric properties. Our preliminary investigation in the literature showed that
triboelectric charging on metal-oxides and polymers and its influence on dielectric
properties has not been comprehensively studied. Based on our literature review, some
metal-oxides such as alumina tend to be positively charged. On the other hand,
fluoropolymers such as PVDF tend to be negatively charged. The opposite triboelectric
sign between alumina and PVDF could be a possible reason of good dispersion of
alumina in PVDF as well as higher improvements in dielectric permittivity of
alumina/PVDF nanocomposites compared to titania and silica cases. Therefore, a
systematic study on triboelectric measurements of metal-oxides and PVDF polymer could
shed light on the effect of triboelectric charging on final dispersion and dielectric
behavior.
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Appendix A: Effect of PVDF crystallinity on dielectric properties
This appendix explains the controlled experiments performed on pure PVDF samples
with different percent crystallinity or different crystalline phase in order to investigate the
effect of crystalline structure of PVDF on dielectric properties as hence better explain the
behavior of composite samples in chapter 3 and 4 of this dissertation. In section A-1 of
this appendix, the effect of PVDF present crystallinity or in other words, the crystalline to
amorphous ratio is investigated on dielectric properties. In section A-2 of this appendix,
an effort has been made in order to study the effect of change in PVDF crystalline phase
on dielectric permittivity of pure PVDF. More specifically, it is tried to investigate the
difference between dielectric permittivity of γ-phase and α-phase pure PVDF samples.

A-1 Effect of PVDF percent crystallinity on dielectric properties
Figure 39 shows the processing procedure used to alter the percent crystallinity of pure
PVDF samples. In the slow cooled sample, the PVDF film was kept in vacuum oven after
casting and then gradually cooled down to achieve highest crystal growth. On the other
hand, another PVDF sample was heated up to 200°C and then was immediately quenched
in iced-water to stop the growth of crystals as much as possible.
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Quenched PVDF
Slow cooled PVDF

200°C

130°C

25°C
0°C
casting

1hr

6hr

12hr

Figure 39- The thermal procedure applied on pure PVDF sample in order to intentionally alter their percent
crystallinity from one another.

Figure 40 presents the DSC profile of slow-cooled PVDF along with quenched PVDF
sample. The same trend was observed in both samples, however as expected, percent
crystallinity of slow cooled PVDF was calculated as 50% as opposed to 39% calculated
value from the area under the melting peak in DSC profile.

Figure 40- DSC thermographs of slow cooled and quenched PVDF sample.

Figure 41 shows the FTIR-ATR spectra of slow cooled PVDF as well as quenched PVDF
samples. Similar peaks corresponding α-phase PVDF were observed in both samples.
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Figure 41- FTIR-ATR of slow cooled and quenched PVDF samples showing dominant α-phase in both
samples.

Polarized light microscopy (POM) images of slow cooled sample and quenched sample
are shown in Figure 42. While the quenched sample shows almost completely transparent
to polarized light, slow cooled sample shows clearly spherulitic structures as a result of
the high birefringence behavior to polarized light.
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Figure 42- Polarized light microscopy (POM) images of pure PVDF samples: Comparison between slow
cooled sample (left) and quenched sample (right) shows the difference in spherulite growth between the
samples.

Figure 43 shows Dielectric permittivity of slow cooled pure PVDF compared to
quenched PVDF as a function of frequency. At high frequencies around 1 MHz both
samples both samples showed the same values of dielectric permittivity but by going to
lower frequencies quenched PVDF started to show higher permittivity above standard
deviation of both samples. This could be explained by more free amorphous chains in
quenched PVDF being able to contribute to dielectric permittivity by orientational
polarization. The lower crystallinity of quenched PVDF increases the fraction of free
amorphous chains and therefore enhances the contribution of orientational polarization
from amorphous area. On the other hand, in the crystalline region, chains are frozen in
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the frequency range of 100 Hz to 1 MHz and cannot contribute to dipolar orientation. In
slow cooled PVDF because of higher fraction of crystals, the total dielectric permittivity
is decreased compared to quenched PVDF. Other researchers have also mentioned the
contribution of amorphous region to dipolar orientation and hence dielectric permittivity
of PVDF.
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Figure 43- Dielectric permittivity as a function of frequency for slow cooled pure PVDF and quenched
PVDF.

Figure 44- Dielectric loss factor as a function of frequency for slow cooled pure PVDF and quenched
PVDF.
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Figure 45- DC dielectric breakdown for slow cooled pure PVDF and quenched PVDF

Effect of PVDF crystalline phase on dielectric properties
This section summarizes our study on the difference in dielectric permittivity of α-phase
and γ-phase PVDF. α-phase PVDF was made by solution casting of PVDF/DMAc
solution at room temperature with subsequent heating to 160°C for 4 hours under
vacuum. γ-phase PVDF was made by solution casting at 60°C and the film was left in the
desiccator at room temperature to become completely tack free. Finally the film was
dried under vacuum at 60°C for 3 hrs. Since room temperature solution cast PVDF films
could contain porous areas, the film was pressed in a hot press at 100°C for 48 hrs and
10,000 psi to remove possible porous areas from the film. FTIR-ATR spectrum of both
films are presented in the Figure 46. α-phase PVDF showed peaks at wavenumbers: 530,
614, 764, 795, 855, 976 cm-1 as signatures of α-phase. On the other hand γ-phase PVDF
showed strong peaks at 833 and 1234 cm-1 as signatures of γ-phase, while the peaks
associated with α-phase were decreased in intensity significantly.
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Figure 46- FTIR-ATR spectra for γ-phase PVDF and α-phase PVDF

Dielectric permittivity of γ-phase PVDF is compared with α-phase PVDF in Figure 47. γphase despite having more polar chain conformation (TTTG+TTTG-) compared to αphase showed lower dielectric permittivity than α-phase PVDF. However, the percent
crystallinity of γ-phase measured my DSC experiment showed 58% crystallinity as
opposed to the α-phase PVDF that showed 50% crystallinity. Our study in section 1 of
this annex showed that higher percent crystallinity can lower dielectric permittivity at
frequency range of below 1 MHz. Therefore one reason of lower dielectric permittivity of
γ-phase PVDF could also be associated with higher percent crystallinity of this sample.
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Figure 47- Dielectric permittivity as a function of frequency for γ-phase PVDF and α-phase PVDF

Figure 48- Loss Factor as a function of frequency for γ-phase PVDF and α-phase PVDF
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Appendix B: Effect of moisture on PVDF dielectric properties
In order to investigate the effect of moisture or physisorbed water on dielectric
permittivity of PVDF, a pure PVDF film was cast under similar conditions as other pure
PVDF in this research. The process involved room temperature casting of 20wt% solid
solution of PVDF in DMAC followed by thermal treatment at 170C for 4hrs. Then the
film was submerged in water and the system was heated until the water became boiling.
The film was kept submerged in boiling water for 4 hrs and then cooled down to room
temperature, while submerged in water, overnight. Figure B-1 shows the schematic of
moisturizing procedure.

Standard pure PVDF
Moisturized PVDF

200°C

Submerged)in)water)
4hr

100°C

25°C
casting
4hr

Figure 49- The schematic of moisturizing procedure of PVDF film.

Dielectric permittivity and loss factor of moisturized PVDF sample are presented in
figures next to standard pure PVDF. Moisturized PVDF showed almost the same
behavior with marginal decrease in in dielectric permittivity in the range of standard
deviation in frequencies from 500 Hz up to 1 MHz. However, the trend of increase in
dielectric permittivity by going to lower frequency shows a steeper slope in the case of
moisturized PVDF verifying the effect of water molecules contributing in DC conduction
part of dielectric permittivity in low frequencies. Dielectric loss factor also confirms the
effect of water by increase in loss factor at frequencies below 1 kHz. Therefore, 1kHz
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proved to be high enough frequency to surpass the effect of water for analytical

(1 kHz)

comparisons in this research study.

Figure 50-Dielectric permittivity as a function of frequency for moisturized PVDF compared to a dry
PVDF sample.

Figure 51- Dielectric permittivity as a function of frequency for moisturized PVDF compared to a dry
PVDF sample.
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